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FOREWORD 

There were eighty-four papers submitted t o  t h e  Conference 
and the  Program C o m i t t e e  was faced with t h e  d i f f i c u l t  t a s k  
of f i t t i n g  a sub-set of these  i n t o  a three-day program. 
Various p o s s i b i l i t i e s  were suggested including p a r a l l e l  
sess ions ,  ' s h o r t '  papers,  and t h e  use of display-boards, 
In t h e  end, it was decided t o  use aZZ of these  'devicesg  
t o  some ex ten t ,  These Proceedings contain t h e  t h r e e  
invi ted  review papers,  f i f t e e n  long papers ( l e s s  than 
fourteen pages) and thir ty-two ' s h o r t '  papers ( l e s s  than 
seven pages) ;  a t  the  Conference these  various ca tegor ies  
have been a l loca ted  s i x t y ,  t h i r t y  and f i f t e e n  m i n u t e s  
respect ive ly .  I hope t h a t  you w i l l  eva luate  each of these  
B d e v i c e s ' ,  and t h a t  you w i l l  complete a simple quest ionnaire 
a t  the  end of the  Conference which w i l l  he lp  guide t h e  
planning of f u t u r e  events ,  

The Conference has been based around t h r e e  main themes, 
which a r e  t h e  subjec ts  of the  review l e c t u r e s  t h a t  begin 
each of the  days, These t o p i c s  a r e  tkee of the  cu r ren t  
major a c t i v i t i e s  i n  t h e  f i e l d ,  namely: A I ' s  approach t o  
designing and implementing s i z a b l e  systems, what has been 
c a l l e d  "'Representation of Knowledge'" but which McDemt t  
would have us descr ibe  a s  "Notational Engineering'" and art 
aspect  of "'Computer Perception"', The reviews i n  t h i s  volume 
by Bert Horn, Drew McDermott and Bob Wielinga deserve t o  be 
read very c a r e f u l l y  and w i l l ,  1 am sure ,  suggest many i s sues  
which w i l l  be debated a t  length  both during the  Conference 
and subsequently. These themes a r e  again taken up i n  t h e  
severa l  discussions/debates;  i n  p a r t i c u l a r  t h e  debate an 
the  second day i s  e s s e n t i a l l y  about "Represenitation and  
Control i n  Vision Systems" and hence should draw together  
these  severa l  (cont ras t ing)  themes, A t  t h e  f i n a l  sess ion  
on Thursday afternoon,  Leonard Uhr and Donald Michie w i l l  
p resent  overviews of t h e  Conference from t h e i r  om p a r t i c u l a r  
perspect ives ,  

L 

I hope you w i l l  agree t h a t  t h e  Conference Program' and 
t h e  Proceedings look very i n t e r e s t i n g ,  and I very much hope 
you w i l l  read them before the  Conference so t h a t  you w i l l  
be ab le  t o  a c t i v e l y  t ake  p a r t  i n  the  various d iscuss ions ,  
After  a l l ,  a considerable amount of a & r a  e f f o r t  has been 
expended t o  enable these  t o  be c i r cu la ted  before t h e  
C o n f e r e n c e ,  

Many people have contr ibuted t o  t h e  e f f o r t  of producing 
these  Proceedings, The reviewers and p a r t i c u l a r l y  t h e  
Progranl Gonunittee have had a major influence upon t h e  
s t r u c t u r e  and content  of the  Conference, Indeed, I 
f e e l  t h a t  t h e  reviewing t a s k  would have been an impossible 
one without t h e  a c t i v e  part ' ic ipat ion of t h e  P rogram 
C o m i t t e e ,  It  is a p leasure  a l s o  t o  acknowledge both 
the  advice and e f f i c i e n t  se rv ice  which we have received 
from the  Universi ty P r in t ing  Service,  who have p r in ted  
the  Confererice Poster and program a s  well as these Proceedings, 

t ~ u b l i s h e i l  as a separate bookZet and az9ailabi.e 
porn the  F1.aglvm- and the General-Chaimavt, 



FOREWORD Contd 

These Proceedings would never have seen t h e  l i g h t  of day, 
nor would the  twelve-hundred p ieces  of Conference mail 
have been despatched without t h e  v a l i a n t  e f f o r t s  of Pat  
Greenmod and Barbara Lewis. 

F ina l ly ,  it is  my pleasure  t o  thank t h e  Gesel l schaf t  
far Informatik f o r  taking the  i n i t i a t i v e  i n  suggesting 
t h i s  joint-venture,  and t o  thank Professor Magel, i n  
p a r t i c u l a r ,  for  a l l  t h e  work t h a t  he and h i s  col leagues 
i n  Hamburg have put  in .  

Once again ,  may I wish you happy reading: 

Derek Sleeman 
Leeds, May 1978 
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MOW ONE LEARNS STRATEGIES: 
PROCESSES AND REPRESEMTATlQM 

OF STRATEGY AGQUIS~TIOM~ 

Department of Psychology 
Garnegie-Mellon University 

Schenrey Park 
Pittsburgh, Pa., 15213 

U.S.A* 

Abstract 

A general theory is presented far the process and representation of 
strategy acquisition b y  human and artificiai intelligence systems. The 
process is characterized b y  inductive generalization and organization of new 
rules through sirccessive canstrucfion of new problem spaces. Various 
subtasks involved in the process can be naturally represented b y  
subroutines in a hierarchical adaptive production system (HAPS), which is 
proposed as a representationat scheme for strategy acquisition. HAPS has 
capabilities for  subroutine calls and creating new productions in any 
subroutine, Results from strategy acquisitian in the Tower of H~noi  puzzle 
by a HAPS pFQgram are given, 

terms: strategy acquisitian, rufe learning, praductlan 
systems, problem satving, 

Ta find a solution for a given problem, we need procedu-sl knowledge that 
leads successfuily ta the solution, To find it efficiently, We need s s t r r t ~ s g ~  i.e,, a 
set of  pracedural knowledge, thait salves the problem systematiczil!y, Experts in a 
domain are we!! supplied with effective strategies, whereas novices know oniy 
inefficient ones, One who has never been exposed to the problem tries to  induce 
ruies that help problem solving. Experts and novices sometimes follow different 
strategies in complex probfervt solving tasks (Bhaskaa & Simon, 19-67; S i m a ~  & Simon, 
1977), Efficient strategies may not ortly be taught, but acguirod thraugh 

This research vdss supported by Research Grant MH-07722 from the Nationat 
Insti tute af Mental Health. The author is greatly indebted to  k r b e r t  Simon for 
helpful disctessions and comments on this work. 



experience, Then, the question is how? It is a crucial question, both for artificial 
interligence and information processing psychology. Strategy acquisition is 
important in artificlaf intelligence systems because storing strategies in memory b y  
hand requlres ad hoc know1edge abouf efficient pr~cadures to  solve prob!epns, which 
is not always avatilable, and efficient strategies are also necessgry ta reduce 
execution time, which is limited practically, In  cegnitive psychalagy, there has been 
little work  on  acquisition processes of cornpiex procedural knowledge, thaugh It Is 
one of the main issues in human prabfem solving. 

This paper presents a general tbeoreticaf framework for the processes and 
representation of strategy acquisition in human and artificial intelligence systems, 
The framework described here was derived from an experimental analysis of  
strategy [earning In solving the Tower of Hanoi puzzle. This wet!-known puzzle was 
used as an experimentat vehicle because it can be saived by varisus different 
strategies (Simon, 1975) and is cctrnpZrr enasgh as a strategy acquisition task, 
Though the examples given below are taken solery fram this task, the propased 
theory  is general, and believed to be generally extendabfe to strategy acquisition 
processes in complex problem salving tasks, 

First, we present a brief review of the strategy [earning process observed in 
an experiment, Second, we provide processing mechanisms for strategy acquisition 
in general terms, Third, we propose a representationaf scheme that realizes them, 
The scheme is a production system representation, but is characterized by an 
adaptive and hierarchical structure, Last, results fram strategy acquisitian by a 
c ~ m p u t e r  in the Tower sf' Hanoi problem are summarized. They ilrhs QoIIaweCt by 
working examples extracted from the resuits2, 

i Review of 

Anzai & Simon 61977) used a subject who had never solved the Tower a% 
Hanoi puzzle fa abserve the strategy acquisitisn process in this task. The subjeek 
t r ied  to  solve the five-disk problem four times from the initial configuratian, 
including one failure and one trial that involved successive solutions of one-, two-, 
three-, four-  and five-disk problems, Her first trial is basically a srrlactdare search for  
moves, but  i t  already includes pbartraing a sequence of tuture moves, Before soiving 
the probtem, she turned back to  the initial disk configuratian, and started the second 
'trial, The strategy cancealed in her first trial closefy resembles the move-pczt&.t?rn 
slrabogy re fer red fa by  Simon (Simon, 1975). The second triaf was devoted to  
finding goad stabgoals for a means-ends strategy. The third trial, in which the 
smaller prablems were successively solved, led to %he discovery of the concept of  
r e c u r s i ~ ~ ~  of subgoafs, and thus a rscuraivrt sadgoal sfsategg., In the fourth trial, the 
subject d i s c a v ~ r e d  the concept of moving a ret of disks, which fed t a  a strategy 
similar ta the inner-dirgctstd r o e ~ ~ r i o n  sfretogy in Simon's paper (8975), 

Because of the space limitation, computatianei results are summarized sn ly  
balefly, They are described in detail elsewhere (Anzai, 19781, 



I% should be noted that  the t'aur trials were not independent. Each trial was 
executed using infarmation collected during the previous trials, Efficient strategies 
like recursive ones did not appear abruptly, and even the first (incomplete) triaf was 
necessary for discovery of them, Also more than one strategy was used in  each 
trial, V~riocns procedures, em$,, trial and error search, planning by looking ahead, 
canstructing subproblems by generating subgoals, were mixed tagether brt the trials, 

General Mechanisms 

4 strategy is acquired through repeated solution af a given probtem, A 
s t ra tegi /  acquisition process is  not an independent process, but is embedded in the 
probfeln solving process. As suggested in the previous section, striakegy acquisitian 
gradudily proceeds through reformulation and revision af spacag in which 
the problem solver, P, works not only for acquiring new strategies but also far 
saiving the problem. A problem space consists af elements, each 04: which 
represer~ts a knowledge state of P, a~rd operators that transform one state ta 
another We hypothesize that strategy acquisition iwotves inductive gensrasization, 
and org J~ * -  $?tion of rules useful for solving the problem through successive 
eonstructtc - of new problem spaces. Previously learned rules are used extensively 
fo  generalc~ new probtem spaces, and fhe old problem spaces are no% discarded but 
used w h e w %  er oeeded- 

Based on these hypatheses, our theory asserts that sirategg, acqulsi i i~n 
begi~ts with canstruction of the initiai problem space, proceeds to formation of weak 
strategies such @s those for avoiding poor ft:oves, end then ta gsrasag ar%es like 
means-ends and pattern-based strategies, We wiBD expiain below this general 
Rrsacess of strategy acquisition, 

Construction a ~w lem space 

The sort of infarmation "rat is available from kfie initially given task 
description is crucial for any strategy acquisition process, The infrrrmatikrn may 
include: 

1. the initial knowledge state 
2, inifially available operators 
3, constraints for applicafion of operators 
8, goalis of &he problem. 

"The information is important nst because it  directly generates e strategy, but 
because it makes it easy to construct the  initial problem space S1, and also to 
sekarcta efficientiy in S1, Once search becomes efficient, we can have, in the case of 
humans, some room in short term memory to consider generation of new ruieri, and 
i n  the case af comp&rfers, time necessary for rule generatlow, 



Collection & bird instances 

I f  P has never been exposed to the prablem, S1 is u, ~ l l y  devoted ta at 

heuristic search for better (or Final) states, P needs some heur,$*!I:s to decide when 
one state is better or worse than another, Typical examples a*>-  

1, Returning to a previously visited state is bad, 
2, Visiting a state that can be attained by anather shorter route 

is bad, 

Note that both of these ru9es are concerned with determining "&dm moves in 

S1. This is not accidental. I f  P is unfamiliar with %he problem, it is Iptgpo~sible for 
him ta decide initially what is  a ""gdd"\state. What P can do initially in S H  is to 
co88ec! ""bad" "exampies of state transitions while trying to reach '"md" "states: 
"good" in the sense of the task-dependent measure chosen by P, or even, 3% above, 
in terms sf a task-independent measure like "avoiding Ioops," Thus strategy 
acqudsilisn wi%l be directed initiatly tow;ard findifpg strategies far avoiding poor 
MaVeS, 

Formation a for avoiding bad moves 

A strategy is a set of rules. A rule can be represented by a prc38ucfias~ 
(Newell & Simon, 1972; Davis, Buchanan & Shortliffe, 1977%: 

Condition --> Action, 

w'hich expresses a causal reiaiian t h a t ,  i f  the Condition is met, then the Action is 
executed. 

The action we are conslderiwg here is avoidance of a bad move observed 
during the search in S d .  What is an appropriate condition for a ruBe that executes 
this avoidance action? The current knowledge state consists of various kinds of 
information, mast g ~ f  which is irrelevant to the considered ae"glan, For exgmple, a 
knowledge s!ate generated while sotving the Tower of Hanoi peszzfe ineludes at least 
information about: 

the initial and final disk configurations, the current and past disk 
ccsnfigurations, several imagined future disk configuratians 
generated in the hetirisfiic search, corresponding imaginary moves 
of disks, one or more past moves, some subgoals and move 
constraints extracted from the probgem instruc%lons, examples af 
bad moves, and so on. 

Some subset of the knowledge that is present at the time a bad move has just 
been made can serve as the conditicsn for the action of avoiding that move, Any of 
the standard approaches ta mechanicat inductian cou8d be used to select this subset 



i f  eBI necessary infarmetian were explicitly present and if khts induction did not call 
for excessive search, Since these conditio~s are se!rffo$fr met, we propose as an 
alternative so!~fion, a general semantic inference mechanism that Is especially 
adapted to inferring conditions far 

Suppose that P has available in memory a problem-solving script (Schank & 
Abelsorn, 1977) that postulates semantic, causaf relations between some subset sf 
currently avaitable information and intended actions. Then, in each successive 
context, as P is trying to solve the problem by moving disks, the script wilf define 
what aspects of the sitetatian (e,g., the current disk configuration and one or more 
past  moves) are refevant ta reaching a new situation, "fese reievant aspects are 
extracted to define the condition side of a new production for avoiding an 
undesirable situatiors, Notice that the script is instantiated by the informatian 
available at the time when the situation to be avoided has been reached and noticed. 
Hence the induction requires na combinalorial search, and may utiiize information not 
explicitly represented irt the current knowledge state, 

As productions for avoiding bad moves are introduced, search will become 
more efficient and P wilt reach some slate that is  recognizabiy desirabfe. Once he 
attains such a state, he can generate subgoafs effective for problem solving. Thus 
the problem sorvlng process starts with looking ahead by a heuristic search in  S1, 
and moves to a means-ends type method, The former is inefficient but necessary 
for ctltlecting bad instances. Rutes generated from the instances are useful Be avoid 
h d  transfers in S I ,  and thus to make the search process effective, With the aid of 
those rules, P Is able to find good states, and generation of good subgoafs fatlaws.. 

Once various subgoals are generated, P "sends to seek not for direct transfers 
among knowledge states, but for subgaals to be applied. A subgoal now becomes an 
operator that generates a rsubprahl~m whose final goal is that subgoal, The set a% 
subproblems and subgoals constitutes a second problem space S2, in which P tries 
to search by  generating and applying subgoals to subproblems, Solution of a 
subproblem requires either transition in S2, or search in S1. S1 does not disappear 
after S2 is produced, but is used extensively whenever search in S2 is unsuccessful, 
For example, a means-ends strategy may consist of several productions, most of 
which are for generating subgqals. White only same of subgoa!-generating 
productions are acquired ie the process of learning this strategy, the system has ass 
explore in S1 by using previously fear~ed strategies whenever subgoaf-gcsnersting 
 production^ do not provide proper subgoal%, 

Yf subgoals are discovered only within the contexk of the initial heuristic 
search in  S1, they are not necessarily wet! organized, Usually they are only roughly 
related, egsc  ordered in the order of appfication to states, and P needs more detsiied 



subgoais, and henee procedures to generate them, ta construct a wet!-defined 
means-ends strategy. The mechanism proposed below is a feaslbre procedure for 
generating productions that produce subgoafs. Suppase that we have s productisn 
which produces sn already known subgaal G f :  

el & C2 & . . . & C, --4. generate GI,  

Then i f '  conditions Ci, i - l ,  . . . , m, are met, G I  is generated. Now in the 
current situation, we may suppose that at teast one Ck is not satisfied, otherwiss GI 
is immediately generated. Let us stcrre at this paint of time the lnf~)rm~tian: 

Thert let us wait until the search in attains Gg,  At that mament, we may 
pick up the knowledge state which just preceded the state GIs  Let us call this stet8 
GZs  and stove the information: 

(ACTION : generate G2). 

Now, since the necessary condition and action information resides in memory, 
~s production can bs  produced: 

r\9csT{Cl & . .. . & @,I --B generate G2 4 

This algorithm is too general because the above production fires whenever G I  
cannot be generated directly, but we can repface i ts condition by  the stronger one: 

ALL-BUT-ONE-OF(Cr tli . . . & C,) --% generate G2, 
I 

i n  the strategy tearning program for the Tawer of Hanai P U Z Z ~ ~  described 
leter, this pracedure successfuity generated severat subgoal generation rules that 
constitute a psrt of a means-ends strategy for the Tower of Hanoi guzzle. 

Pattern structures 

As search in S2 is usualfy highly selective, generation of adequate ruies for 
subgaa! geraeration tends to provide directly an efficient means-ends s t r~ tegy ,  
During fh8 search in S2, i f  is nsl hard fa collect sequences of gohtd moves, i.e=, 
correct sequences af subgoais, I f  pattern can be faund in these sequences, a new 
strategy may be discovered, in which only a small  umber of operato~s are applicsd- 
There is  rteeded here ;4 general pgttern inductian atgorithm tike 8tthtt discussed by 
Simon 44 Lea ($9741, The only paint of relevance here is that th& amount of 

Note that, unlike productions generated using a problem salving script discussed 
eirrlier, ihe condition and the action sf this pr~duction are nof nscessarify dlrrtctfy 
re%a%ed in the time domain; information for the condition may be rsx%racted f k ~ m  e 
knowledge state visited earlier, 



information handled in the search in S2 mey be very smafi, so that pattern d i s c ~ v e r y  
can easily be tried. 

A set of rrew subgoals, perhaps made from chunks of the o!d subgoals by an 
encoding mechanism, constitute operators far a third problem space S3. I f  the 
subgaal sequence for attaining a final goal state in S3 is very short, it woqld be  
more efficient t o  remember the sequence itself a ~ l d  apply it directly, than to  apply 
operators backwards in a means-ends manner. In  this case, working forward --- 
direct  forward application of a small number of operators to the initial state in S3 
--- is highty efficient, comparing with the previously generated heuristic search and 
means-ends strategies, and can be seen often in human systems in  everyday l i fe 
(e,g., ""strategy" for driving a car) or experts-roblem salving (Simon & Simon, 
19971, 

I n  strategy acquisition, P's tasks can be decomposed into various subtasks: 
selective search, collection of instances, rule formation, gaaf formation, interaction 
w i th  the task ertvironment, and sa on. 

As a representation of such systems, we propose here production systems 
with hierarchical structure: productions with subroutine calls. There have been 
strong arguments .for the homogeneity of production system structure (Davis & King, 
1977; tenat  c91 McDermott, 1377). Structural homogeneity is a powerful property for  
adding new productions and also for simulating human cognitive systems (Forgy*& 
UcDermott, 1977). On the other hand, homogeneity makes programs hard to wr i te 
iand underst and (Moran, 19731, while subrauf ine structure facilitates underst anding. 
The reader of a program with subroutines cafl attend to a part of the program 
without confusion, Furthermare, a strategy acquisition process, which is an arnalg9rm 
o f  various different tasks, can readily be represented by  e hierarchical production 
system, 

It has been argued that structured production systems have a demerit in 
adding new rules, Production systems that learn new rules, i.e., rtrdaprivo pscpdu~~aon 
systems, have usuafty been of a highly homogeneaus character (Waterman, 1974; 
Buchsinan Rr Mitchell, 1977). However, i f  e hierarchical production system had an 
abil i ty to  gerrcsraie new productitfrns within each subroutine b y  ealiing from i t  
another subroutine far generating productions, theft the system could be adaptiva 
wi thout any restrictlan, 

An important problem far hierarchical production systems is whether working 
memary should bs singie or multi~11, I f  each subroutitse has its own working 
memory, leee, the system has multiple working memory, a problem of inter-memary 
communication arises, Transmission of informatian among muItiple memories is sa 
frequent that it is not efficient to have a multiplicity af memories. Hence, wrt. 

suppose here that a single working memory is shared b y  ali subroutines, 



HAPS is an interpreter, written in LISPl for hierarchical adaptive production 
systems with a singre working memory. The structure of MAPS is similar to  
treditianal produetioa systems except for a few characteristics of the syntax of 
actians. An action takes one of the following farms: 

1, (DEP <primitive> qvariabie list>l . . . <variable list>k) 
2. (REM <primitive> <variable tistBl . . . <variable list>l) 
3, Q<functian> . : , <argument>m ; <producti~nname>~ 

. . . <praductionname>,) 
4, (PUTPR09UeTIQN (<primitive list>b <primitive I l s tp2f )  
5, (STOP). 

<primitive> ::= any t%SP list f <variabfe> 
<variable> ::= any LISP atom beginning with a$ 
<variable list> ::= nan-existent ( (<priwrit i~s>~ . , 

: C a t o r n ~ ~ , ~  . . . 
<atam> ::I. any LISP atom 
<functian> ::= <atom> 
<argument> ::= nan-existent ( <primitive> ) <atom> 
<productionname> ::= <atam> 
<primitive lists ::= MIL any list of LXSP tists ) <variabfe>, 

Amang the abave actions, (DEP . . . ) deposits <primitive> inta working MIcJmclry 
after all <variable tisaps are executed: each <variable list> is said to be executed 
when <primitiverl is substituted by any of <atam>i,l . . . <atom>* excludin~ 

1 
<gtam>i5. Thus the execution is essentially nondcrerminittio. (REM . a 1 

rLemaves fram working memory any <primitive> after executing all <vsriable list>s+ 
(<function> . . . f is responsible lor subroutine calls. <Function> is a subroutine 
name, and CargumentBs substitute speciai variables denoted by $ARGS, $AR@2, . . . , 
appearing in the subroufine. They work as arguments for subroutine calfs in  the 
srdinary sense. The subroutine is  defined by the rtstmes sf productions; 
<praductionname>s, As soon as this action is executed, control is Crrtnsferred ta 
those productians, Control i s  returned to the current subroutine as soan as the 
actiao (STOP) is executed in the called subroutine. Adaptivity is characterized by 
the acfion (PUTPRODaTION ., . . 1. As soon as i t  is executed, the production with 
<primitive in i t s  condibi~n side and <primitive in its action side is 
p r ~ d u c e d  and put at the top of the current subroutine. Thus, using this actian, a 
new productictlm een be generated i ~ r  any subroutine, 

HAPS was designed as a toof %or the study of strategy ecquisifion, Mawever, 
i ts  sfructure is genersl, and can be used for most produetiot~ system programs 
describsd in %he literature, The diagram beisw shows a genbsrol HAPS subroutins 
structure for a strategy acquisitian process: 

Far example, (ATTEND 3) or (ATTEND 5 )  will be deposited into wwking memory 
whera the ectican (DEP (WTTERD #X I  (OX  1 2 4 : 1 2 3 4 581 is exscuted. 



Each subroutine can be programmed as a set of productions. A search-based 
st rategy may be acquired within the subroutine of "Heuristic search"', whereas a 
means-ends type strategy can be learned within "Subgoat induction", Note that 
d i f ferent  strategies may he acquired in different subroutines, wkife utilizing the 
same resources of 'Froduct ion generationq"& d'"Rule induction". 

Strategy kE 
for the Tower of Hanoi Puzzle 

A HAPS program was written for discovering strategies for the Tower of 
Htjlnoi puzzle. The current version consists of 164 HAPS productions before 
learning, which are classified into 25 subroutines. ft has a structure generaliy 
fol lowing the scheme shown in the diagram in the previous section: The tap routine 
is respansibre for repeatedly solving the problem until the system is satisfied with 
the strategies i t  has acquired. The other subroutines are related either to: ( Ib  
heuristic search, (2) decision making heuristics for the search, (3) inducing conditions 
fo r  avoiding bad moves, (4) inducing subgoal generation rules, (5) inducing patterns 
in subgoal structure, ( 6 )  generating new productions, and (7) manipulati~tg actual 
moves and updating past move information. Mechanisms of condition inference and 
farmation of subgoat generation rules described eartier are ineorpolated in 
appropriate subroutines, 

No facil ity for interpreting natural language prabjem instructions is 
incorporated in the current version. I t  assumes subgaals of taking each disk off the 
initial peg, and putting each disk on the goal peg. Another program, say 
UNDERSTAND (Hayes & Simon, 19743, may be able to extract these subgaals from 
the problem instructions. Also the progrilm is given the rule for admissible moves: i f  
a disk X is at the top of a peg P and is smaller than the top disk of another peg Q, 
or no  disk is on  Q, then X can be transferred dram P to Q. Based an  these kinds a$ 
information and fhe mechani~ms described earlier, the program learned f3 new 
productions in six repeated solution trials. Productians fired 2948 times during the 



process, I% succecrir-jd in generating Ikr;e strategies ~~uecess i~d l$ :  thass sirniasr to 
the move-pat tern  strategy, ttle goal recursiorg strategy, and %he inner-directed goat 
recursion strategy in  Simon (3975). Amang the [earned productions, seven were 
used for a part  of the first strategy, four for a park of the second one, while the 
other two  a para of fke third. The program used the generated rartes extensively ta 
build a new problem space and then ai new strategy as the theory indicated. 

L e h s  ilfustrate by examples how the strategy acquisition process proceeds 
in the five-disk Tower of Hanoi problem. The examples betaw are excerpted from 
the computational results summarized above6, and shown in  parellel with the theory 
described eartier in this psper, 

1, Canstructicsn of the initiai problem space 

(INITIAL 61 2 4 4 5) NIL NIL) is an element of the initial knowledge stete. It 
implies that disks, 1, , . . , 5, are on Peg A and no disk is ott Peg B or Peg C in  the 
initis! disk canfiguration. By assumption, Peg A denotes the initiat peg, Peg C is the 
goai peg, and Peg B denotes the other peg. (GOAL-OFF 1 PEGA) is an example sf 
init iai iy available operators. I t  means that taking Disk 1 off Peg A is good to  
consider. (FINAL-GOAL NIL NIL f l  2 3 4 5)) ,  indicating the final disk configuretian, is 
the final goal of the problem. A legat move constraint is, for instance, given by: 

\ (PEGS SA 8B 8C) (ATTEND $ X I  (SEARCH t): %Y) (*LESS (*TOP $X 8A 
%B 8C) (*TOP BY $A 88 t C ) )  --> (DEP (CAN (*TOP tX BA $8 BC) $X 
SY)). 

The production implies that i f  the current disk configuration is (PEGS %A 88  Ifel, the 
system is attending to  the peg t X ,  searching for a move from 8X ta the peg t Y ,  end 
the tap disk at $ X  is smaller than the top disk at 8Y or no disk is on $Ye then the 
producticrn deposits (CAN <top disk at 8x2 8X bY) into working memtary, t"s at the 
head 0 5  symb~ !s  indicate variables. 

These kinds sf a priari information defines %he initial problem space, and the 
system begins heuristic search in ibis space. 

2. Collection of bad instances 

In the heuristic search, the system dries to collect bad instances, For 
example, returning to  a previously visited stste can bet detected by fhs Cclllowing 
production: 

A par t  of theas is slightly simplified far easy understanding. 



(IMAGE 8A 88 $61 fPlMAGE $A 438 43C) --3 (DEP (BAD)), 

ft means that if an imagined disk state has the same c~nfiguratlon as one of the 
configurations encountered in the past, then thct system deposits {BAD) into working 
mEmsry, 

3, Formation af rufes for avoiding bad moves 

Suppose that the system found rdu rn  to a previous state at the configuration 
(PEGS (3 4 5) ( 3 )  (2)), and at that time, the most recent moves are, in the order from 
the past, (2 PEGA PEG61 (1 PEGB PEGA) and (1 PEGA PEGB). Using a problem 
solving script implying that these operators might be responsible for the return to a 
previous state, the system creates a produc"ton instance af the farm: 

(PEGS (1 3 4 51 NIL (2)) (PASTPASTMOVE 2 PEGA PEGC) 
(PASTMOVE 1 PEGB PEGA) {ABSENT (TRIED X PEGA PEGB ( I .  3 4 5) 
NIL (2))) --> (DEP (TRIED 1 PEGA PEGB (1 3 4 5 )  NIL (2))). 

A ctsndition, (ABSENT .4'lisf3), is true i f  and only i f  <list> does not exist in working 
memory, 

This production is generalized, and used as a part of the weak move-pattern 
strategy for avoiding poor moves. The resulting generalized production has the 
form: 

(PEGS $ A  OB $GI (PASTPASTMOVE 8X BP $Q) (PASTMOVE t V  fZR $PI 
(ABSENT (TRIED %'d OP 8R #A $B OC)) --> (DEP (TRIED #V 8P SR d;b 

i 

%B 86)). 

4, CcolBecfion of good instances and 
formation of subgoai; generation rules 

The system is suppased to have a production for deciding if a subgoal is 
applicable: 

(PEGS 8A 8 8  BC) (GOAL 8X $P 8Q) (*EQUAL $>e (*TOP fZP $A tf3 8C)) 
(*LESS 8% (*TOP %Q 8A 88eBC)) --> (DEP (CAN $X $P SQ)). 

I t  implies !hat, if the current disk configuration is (PEGS OA QB $C), there exisk a 
subgoal (GOAL $X SP 8Q) in working memory, the disk tX is at the tap of the peg $5P 
at (PEGS $A 8e3 861, and %X is  smafter than the top disk af the peg SlQ or no disk is 
on $Q at (PEGS QA @B $61, then the system deposits (GAR .%X SP 8Q) working 
memory, 

Suppose that the current disk coofigtdratien is (PEGS (4 5 )  ( 1  29 (3)), end 



(GOAL 4 PEGA PEGB) exists in working memory, Then, since (*LESS 4 (*TOP PEGB f4 
5) (1 2) (31)) is false and ail ather condjtions in the above production are true, t he  
sys tem deposits (GOND (PEGS (4 5) ( 1  2) f3))), (COND (GOAL 4 PEGA PEGB)), (GOND 
(*EQUAL 4 (*TOP PEGA (4 5) (1 2) (3)))) and (CORD (%Wf LESS 4 (%TOP PEGB (4 5) ( 1  
2) (3)))) i n ta  work ing memsry, Then, arftgsr a whiie, whera (*LESS 4 (*TOP PEG8 $A dB 
$el) becomes true, the production 

(PEGS $A $8 8C) (GOAL 8X 8P $Q) BPASTMVE 8'r" %R 8s) (GQND 
(*MTLESS 8X (*TOP $P $0 SF 8F))) (%LESS 8X (*TOP QP XA aSB $GI) 
--> (DEP (ACTION (BEP (GOAL b;Y 4R 8S))))  (DEP ( C O m  (ABSENT 
(GOAL f(Y %R %S)l)) 

f i res, and deposits (ACTION (DEP (GOAL 2 PEG@ PEGG))) and (CQND (ABSENT (GOAL 
2 PEGB PEGG))) in to working memory. It is the move (2 PEGB PEGC) that markes 
{*LESS 4 (STOP PEGB $A 8ff $6)) true. Hence that move is copied f rom t h e  
PASTMOVE to a GOAL by firing the above production. The system creates a 
product ion  f rom the CONBs and ACTION generated in  the above process, The new 
product ion  instance takes the form: 

(PEGS (4 5 )  (1 2) (3)) (GOAL 4 PEGA PEGB) (%EQUAL 4 (*TOP PEGA 
44 5) 61 2) (3))) (*NOTLESS 4 (*TOP PEGB (4 5) ( 1  2) (3))) (ABSENT 
(GOAL 2 PEGB PEG611 --3 (DEP (GOAL 2 PEGB PEGC)), 

The system generafimes this instance by relating ali elements appearing in the  
act ion side to  elements i n  the condition side, and substituting variable symbols into 
specif ic values. Relating elements are done using a prior i  functianal relations such 
as OTHER and NEXTSMALLER, For instance, et the configuration (PEGS (4  5) 4 %  2) 
(311, 2 is NEXTSMALLER than 4 on Peg 8. The generalized production sf the above 
iqstance takes the  form: 

(PEGS t A  88 %el <GOAL $X $P $Ql (*EQUAL 8X (*TOP 8P $A bEf $6)) 
(*MT%ESS S X  (*TOP 8Q $A 8B $6)) (ABSENT (GOAL (*NEXTSMALLER 
8X 8A 8B $6) 8Q (*OTHER 8P %Q : PEGA PEGB PEGG))) --3 (DEP 
(GOAL (*NEXTSMALLER 8X tQ  SA 8Et SC) %Q (*OTHER XP aSQ : PEGA 
PEGB $EGG))). 

fn the above production, (*NEXTSMALLER bX $Q $A t B  %GI is a disk o n  the peg  
%Q and nexkmal le r  "ran the disk 8X at the disk configuration a f  (PEGS $A $C3 $61, 
(*OTHER %P 8Q : PEGA PEG@ PEGG) is a peg which is other than OP o r  $Q among the 
pegs, Peg A, Peg B and Peg C. This production constitutes a par t  af the mersns-errds 
s t ra tegy  acquired by the system, " 

5. Pattern discovery in s~tbgoal structures 

The experiment QAnzai & Simon, 1977) shows that discevery of pa t te rn  in 
subgoal structures in the Tower of Hanoi puzzle is related to visual perception, Far  
example, i f  t he  current disk configuration is (PEGS (5 )  (4) (1 2 3)) and the system 



reteins (COAL 5 PEGA PEGC) in working mamory, the GOAL triggers perception of 8 

ruh~ly~amid (1 2 3) on Peg 6. Then the system creates a subgoal srtaek in working 
memory, and pushes down subgoais appiied into the stack until the perceived 
subpyramid 61 2 3) is transferred to Peg El and the GOAL becomes epplicab!e, The 
sequence of  subgoals retained in the subgoal stack is then considersd as a newly 
cor~structed subgaaf; a subgoal of moving B ac?t of disks, Using this kind of subgoals 
and generalizing production itlstances, !he system creates a prsrductian: 

(PEGS %A SB sC> {ABSENT {GOAL (*NEXTLESS 8%) (*OTHER (*XTR3 
(PGaAt $X $0 fiR)) (tXTR4 (PGQAt $5X %Q $R)! : PEGA PEGB PEGG) 
sat> (ABSENT (GOAL SX 8Q BR)) (ABSENT (GOAL {*NEXTSMALLER 8X 
8Q 8A $B SC) SQ (*OTHER (*XTR3 tPGOAk %X 8Q $Fa)) (*X%R4 (PGOAL 
6X 8Q 8R)f : PEGA PEG8 PEGC))) (PGOAL $X BQ SR) (eP-ON $X 8Q itA 
8s --3 (DEP (GOAL (*NEXTLESS $XI (*OTHER (*XTR3 (PGOAB 8X 
88 %R)) (4XTR4 (PGOAL $X 9Q 8R)) : PEGA PEGB PEGC) 8R)) (DEQ 
(GOAL BX 8Q $R)) (DEP (GOAL (*NEXTSMALLER 8X 8Q $A $13 IC) %Q 
(*OTHER (*XTR3 (PGOAL 8X 8Q 8R)) btXTR.4 (PGOAb SX t3Q %SR)) : 
PEGA PEG8 PEGC))) (REM (PGOAL $X %Q $R)), 

which is used as a part of the third strategy based on recursion af subpyramid 
moves. Yn the above prodctctian, (*NEXTLESS 8x1 is the disk one size smailer than 
the disk 8X, *XTRi means extracting the i-hE-1 element in the orgumant, (*P-ON 8X bQ 
4;A SB 8C) is a percept which is true if and aniy i f  Disks 1,. . - ,  $X are an the peg 8Q 
at the  configuration (PEGS SA 8B 8C), and PGQAL denotes ;a new subgoal of moving zt 

subpyramid from one peg to another. 

Conclusion 

Computers can learn efficrenl strategies for complew problem sa%ving tasks through 
experience, But, fa da this, they need a basic theary and a representationaf scheme 
Sor~ strategy acquisition processes. This paper has presented bo'eh of these based 
on an experimental analysis of the Tswer of Hanoi ptdzz!e* The theory is based or? 
the hypothesis that strategies ;are acquired through repeated solution of the same 
prchbiewr, During problem solving, new infarmafiaan is collected, induced a ~ d  
generalized to provide good ruSes thal can be a part af a strategy, 

Various different subtasks are involved in this process: a selective search, ruis 
formation, subgoal generation, patkern discovery, and so on. In strategy acquisition 
by humans, these work as i f  theyewere coded as subroutines: they call each other, 
and confro! stays ot-a one subkask only as Iong as that task needs to be executed. 
Corresponding to this characferistis, s hierarchical adaptive productiran system 
interpreter called HAPS was developed. E%s strcncttdrs is general enough ta 
implement varigsus traditional prcrdirctian system programs; however, i t  clearly 
refDec3ts the hierarchical and adaptive features embedded in strategy acquisition 
processes. The resu8f.s from strategy acqbiisitian by a computer In the Tower of  
Hanoi puzzte were brief ly mentianed. The computer succeeded In generating three 
very d i f f e r e ~ t  kinds of strategies successively, 



The s tudy described here is sti l l  in an early stags, and we need to explore mare 
details of the general mechanisms, Though the discussion here emphasizes the 
procrtaaagl of strategy acquisition, finer algorithms for rule learning and modification 
are certainly necessary for efabaraflon sf the theory. Still, perspectives of 
researches on strategy acquisition should go beyand studies on piecewise rule 
learning. They need an over-air view of acquisition processes such 8s is described 
in this paper, 
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ABSIIRACT: PECOS i s  a  knowledge-based sys tem t h a t  c o n s t r u c t s  c o n c r e t e  
I m p l m e n t a t i o n s  o f  a b s t r a c t  a l g o r i t h m s  i n  t h e  domain o f  s p b o l i c  
p r o g r m m i n g .  The r u l e s  i n  PECOS " s  knowledge b a s e  d e a l  e x p l i c i t l y  w i t h  
many d e t a i l s  o f  s p b o l i c  programming, i n c l u d  inq  in termed f a t e - l e v e l  
c o n s t r u c t s  and c e r t a i n  d e s i g n  d e c i s i o n s .  Programs a r e  s y n t h e s i z e d  by 
g r a d u a l l y  r e f i n i n g  t h e  o r i g i n a l  s p e c i f i c a t i o n  i n t o  a  p r o g r m  i n  t h e  
t a r g e t  l anguage .  By a p p l y i n g  t h e  r e f i n e m e n t  r u l e s  i n  i t s  knowledge 
b a s e .  PEGOS c o n s t r u c t s  a  r e f  i n e m e n m r e e :  t h e  r o o t  i s  t h e  a b s t r a c t  
s p e c i f i c a t i o n ,  e a c h  l e a f  i s  a n  a l t e r n a t i v e  implementa t ion ,  and each  
p a t h  i s  a  d i f f e r e n t  sequence  o f  r u l e  a p p l i c a t i o n s .  Thus,  PECOS c a n  
c o n s t r u c t  a  v a r i e t y  o f  d i f f e r e n t  implementa t ions  f o r  t h e  same a b s t r a c t  
s p e c i f i c a t i o n .  
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I. INTRODUCTION 

The s i m p l e  o b s e r v a t i o n  t h a t  ""Good p r o q r m m e r s  seem t o  know a l o t  abou t  
s u g g e s t s  t h a t  one  method f o r  deve lop ing  a u t o m a t i c  

p r o g r a m i n g  sys tems  would b e  t o  endow them w i t h  a  l o t  of  knowledge 
a b o u t  programming: t e e . ,  t o  a p p l y  t o  programming t a s k s  t h e  same 
knowledge-based approach t h a t  h a s  worked w e l l  f o r  o t h e r  t a s k s  (e .g . ,  
NYCIN f o r  med ica l  d i a g n o s i s  [ S h o r t l i f f e  19761 ).  With t h i s  m o t i v a t i o n ,  
a  knowledge-based au tomat i c  p rogrmming  sys tem ( c a l l e d  PECOS) h a s  been  
d e s i g n e d  and i m p l m e n t e d  [Bars tow 1377b, 1 9 7 7 ~ 1 -  PECOS " s  p r o g r m i n q  
t a s k  i s  t h e  c o n s t r u c t i o n  o f  c o n c r e t e  imple tnenta t ions  o f  a b s t r a c t  
a l g o r i t h m s  i n  t h e  dornain of  s p b o l i c  computa t ion .  The s p e c i f f c a t i o n  
l anguage  i s  e s s e n t i a l l y  a h i g h - l e v e l  l anguage  f o r  s p b o l i c  
programming : i t s  d a t a  s t r u c t u r e s  a r e  c o l l e c t i o n s  and mappings;  i t s  
o p e r a t i o n s  m a n i p u l a t e  such  s t r u c t u r e s  ( e - q . ,  enumerate  t h e  e l ement s  o f  
a  s e t ,  compute t h e  i n v e r s e  o f  a  mapping) 

PEGOS " s  r u l e s  ( c u r r e n t l y  a b o u t  4 0 0 )  embody knowledge abou t  a  v a r  Fety 
of implementa t ion  t e c h n i q u e s ,  i n c l u d i n g  s e v e r a l  s o r t i n g  and 
enumera t ion  a l g o r i t h m s ,  a s  w e l l  a s  t h e  r e p r e s e n t a t i o n  o f  c o l l e c t i o n s  
a s  l i n k e d  f i s t s  and a r r a y s  ( b o t h  o r d e r e d  and u n o r d e r e d ) ,  and t h e  
r e p r e s e n t a t i o n  o f  mappings a s  t a b l e s ,  se ts  of p a i r s ,  p r o p e r t y  l i s t  
mark ings ,  and i n v e r t e d  mappings In a d d i t i o n  low- leve l  d e t a i l s  a r e  
a l s o  covered ( e - g . ,  t h e  use  o f  v a r i a b l e s ) .  As i s  common i n  such  
ru le -based  sys tems ,  t h e  r u l e s  themse lves  d e a l  pr i rnar iby w i t h  s p e c i f i c s  
r a t h e r  than  w i t h  g e n e r a l i t i e s *  S e v e r a l  of PEGOS " s  r u l e s  a r e  gslven 
below ( i n  E n g l i s h ,  f o r  the  s a k e  o f  c l a r i t y ) :  



* I f  a s e q u e n t i a l  c o l l e c t i o n  i s  r e p r e s e n t e d  as a n  a r r a y  
s u b r e g i o n ,  a n  e lement  may b e  i n s e r t e d  b e f o r e  a  g i v e n  l o c a t i o n  
by expanding the  a l l o c a t i o n  by I ,  v a c a t l n g  t h e  p o s i t i o n  b e f o r e  
t h e  l o c a t i o n ,  and i n s e r t i n g  t h e  e lement  i n t o  t h e  vaca ted  
p o s i t i o n .  

* I f  t h e  e n m e r a t i o n  o r d e r  is t h e  same a s  t h e  s t o r e d  o r d e r  o f  a  
s e q u e n t i a l  c o l l e c t t o n ?  t h e  s t a t e  o f  t h e  e n m e r a t i o n  may b e  
saved a s  a  l o c a t i o n  i n  t h e  c o l l e c t i o n .  

* I f  t h e  domain o f  a  s t o r e d  mapping is a  f i x e d  s e t  of knom 
a l t e r n a t i v e s .  t h e  mapping may b e  r e p r e s e n t e d  a s  a  record  
s t r u c t u r e ,  w i t h  one  f i e l d  f o r  each of t h e  a l t e r n a t i v e s .  

* 11% L I S P ,  a  d t s t r i b u t e d  mapping may b e  r e p r e s e n t e d  us ing  
p r o p e r t y  l i s t  markings.  

Desp i te  the  s p e c i f i c i t y  o f  i t s  r u l e s ,  PECOS h a s  been success fu lLy  
a p p l i e d  t o  programs i n  a  v a r i e t y  o f  domains. Among t h e  programs t h a t  
PECOS h a s  c o n s t r u c t e d  a r e  the  f o l l o w i n g :  

C U S S  ( s imple  c l a s s i f i c a t - i o n )  From an  a b s t r a c t  a l g o r i t h m  i n  
t e rms  of s e t  o p e r a t i o n s ,  PECOS h a s  produced s e v e r a l  d i f f e r e n t  
implementat ions  based on a  v a r i e t y  o f  r e p r e s e n t a t i o n s .  

TF ( s i m p l e  concept  fo rmat ion)  From an a l q o r i t h m  i n  terms of t a g s  
on d e s c r i p t o r s ,  PECOS h a s  c o n s t r u c t e d  an implementat ion us ing a 
s e p a r a t e  c o l l e c t i o n  of d e s c r i p t o r s  f o r  each t a g .  

SORT ( s o r t i n g )  PECOS h a s  c o n s t r u c t e d  s e v e r a l  d i f f e r e n t  i n s e r t i o n  
and s e l e c t i o n  s o r t  programs us inq  b o t h  l i n k e d  L i s t  and a r r a y  
r e p r e s e n t a t i o n s  f o r  the  i n p u t  and o u t p u t  sequences .  

RUEPICE ( r e a c h a b i l i t y  i n  a d i r e c t e d  g raph)  Given an  a l g o r i t h m  i n  
terms o f  a mapping of nodes  t o  t a g s ,  PECOS h a s  c o n s t r u c t e d  
s e v e r a l  d i f f e r e n t  implementat ions  based on an i n v e r s i o n  of t h e  
nodes- to- tags  mapping. One of t h e  implementat ions  a l s o  involved 
c o n v e r t i n g  the  i n p u t  r e p r e s e n t a t i o n  of t h e  graph i n t o  a  more 
e f f i c i e n t  form f o r  i n t e r n a l  use .  

PRMES (determinina  t h e  pr imes Less than  a  q i v e n  i n t e g e r )  From 
a n  a l g o r i t h m  expressed i n  terms of o p e r a t i o n s  on  two s e t s ,  PECOS 
c o n s t r u c t e d  s e v e r a l  d i f f e r e n t  implementa t ions .  The most 
e f f i c i e n t  of t h e s e  ( l i n e a r )  involved r e p r e s e n t i n g  one s e t  a s  a  
Boolean a r r a y  and the  o t h e r  a s  a  Linked P i s t .  The o t h e r s  ( a l l  
non l  i n e a r )  in-sal-ved us ing t h e  same r e p r e s e n t a  t i a n  f o r  b a t h  s e t s  . 

2. AN EXAMPLE 

PECOS c o n s t r u c t s  i m p l a e n t a t i o n s  by  g r a d u a l l y  r e f i n i n g  t h e  a b s t r a c t  
a l g o r i t h m  i n t o  a c o n c r e t e  implementat ion i n  LISP. This i s  perhaps  
b e s t  c l a r i f i e d  by an  example. A s  t h e  focus  of t h i s  d i c u s s i o n  i s  t h e  
r e f  inemen t paradfqm, r a t h e r  than PECOS " s  i n t e r n a l  r e p r e s e n t a  t i o n s ,  t h e  
e x m p l e  w i l l  be  p resen ted  i n  E n g l i s h ;  t h e  i n t e r e s t e d  r e a d e r  is  
r e f e r r e d  e l s e h e r e  f o r  d i s c u s s i o n s  of t h e  r e p r e s e n t a t i o n  scheme, a s  



w e l l  a s  t h e  r u l e  r e t r i e v a l  mechanism and a s s o c i a t e d  p a t t e r n  matcher  
[Bars tow 3977a. 1 9 7 7 ~ 3 .  For t h e  moment, t h e  r e a d e r  i s  a l s o  urged t o  
i g n o r e  q u e s t i o n s  a b o u t  rJny a  p a r t i c u l a r  r u l e  may h a v e  been  a p p l i e d  
when s e v e r a l  a r e  a p p l i c a b l e  i n  t h e  same s i t u a t i o n .  

Although PECOS h a s  been a p p l i e d  t o  f a i r l y  c m p l e x  s p e c i f i c a t i o n s .  a  
s i m p l e  e x m p l e  o f  d a t a  s t r u c t u r e  r e f i n e m e n t  i s  p r e s e n t e d  h e r e  i n  the  
i n t e r e s t  o f  c l a r i t y .  The a b s t r a c t  s p e c i f i c a t i o n  i s  g i v e n  below: 

< c o l l e c t i o n ;  e l e m e n t s :  i n t e g e r s  (1 t o  100) > 

( f e e e ,  a  c o l l e c t i o n  whose e l e m e n t s  a r e  i n t e g e r s  i n  t h e  r a n g e  I t o  
300.) The f i r s t  r u l e  t o  b e  a p p l i e d  r e f l e c t s  a  p a r t i c u l a r  d e c i s i o n  
abou t  t h e  k ind of r e p r e s e n t a t i o n  t h a t  w i l l  h e  used f o r  t h e  c o l l e c t i o n :  

* A c o l l e c t i o n  may b e  r e p r e s e n t e d  a s  a  Boolean mapping. 

?his r u l e  r e f i n e s  t h e  d a t a  s t r u c t u r e  d e s c r i p t i o n  i n t o  t h e  folloaJ-ing: 

< mapping; domain: i n t e g e r s  ( I  t o  100) ;  r a n g e :  Booleans > 

The image o f  a n  i n t e g e r  under t h i s  mapping is  ""2"rue" i f  t h e  i n t e g e r  rls 
a  member o f  t h e  c o l l e c t i o n  and "'False" i f  n o t .  (There  a r e ,  o f  c o u r s e ,  
many o t h e r  ways t o  r e p r e s e n t  c o l l e c t i o n s :  one  of PECQS's r u l e s  
s u g g e s t s  r e p r e s e n t i n g  a  c o l l e c t i o n  by s t o r i n g  a l l  of t h e  e l ement s  i n  
some kind o f  u n i f i e d  s t r u c t u r e ;  o t h e r  r u l e s  s u g g e s t  t h e  use  o f  l i n k e d  
l i s t s  and a r r a y s  t o  h p l e r n e n t  such  s t o r e d  s t r u c t u r e s . )  Having chosen 
t o  r e p r e s e n t  t h e  c o l l e c t i o n  a s  a  Boolean mapping,  k n o d e d g e  abou t  
r e p r e s e n t a t i o n s  f o r  mappings i n  g e n e r a l  can  b e  used f o r  t h i s  
p a r t i c u l a r  mapping. IJe c a n  t h u s  a p p l y  t h e  f o l l o e n g  r u l e :  

* A mapping may b e  s t o r e d  i n  a  s i n g l e  s t r u c t u r e .  

(An i n t e r e s t i n g  a l t e r n a t i v e  h e r e  i s  t o  use  a  d i s t r i b u t e d  mapping, s u c h  
a s  p r o p e r t y  l i s t  markings  i f  t h e  domain e l ement s  a r e  atoms.)  The n e x t  
d e c i s i o n  i n v o l v e s  s e l e c t i n g  t h e  k ind of s t r u c t u r e  t h a t  w i l l  be used.  
The f o l l o ~ n g  r u l e  g i v e s  one  a l t e r n a t i v e :  

* A s t o r e d  mapping may b e  r e p r e s e n t e d  a s  a n  a s s o c i a t i o n  t a b l e .  

(An a l t e r n a t i v e  h e r e  i s  t o  use  something l i k e  LISP5s  a s s o c i a t i o n  
l i s t . )  The n e x t  r u l e  s u g g e s t s - a  p a r t i c u l a r  k ind of t a b l e :  

* I f  t h e  keys a r e  i n t e g e r s  i n  a  fLxed r a n g e ,  a n  a s s o c i a t i o n  
t a b l e  may h e  r e p r e s e n t e d  a s  a n  a r r a y .  

Note t h a t ,  up t o  t h i s  p o i n t ,  a l l  of t h e  r u l e s  r e p r e s e n t  a k ind of 
g e n e r a l  p rogrmming  h o d e d g e  i n  t h e  s e n s e  t h a t  they  a r e  a p p l i c a b l e  
f o r  a v a r i e t y  of d i f f e r e n t  t a r g e t  l anguages .  E v e n t u a l l y ,  o f  c o u r s e ,  
r u l e s  s p e c i f i c  t o  LISP  must b e  a p p l i e d :  

* An a r r a y  may b e  r e p r e s e n t e d  d i r e c t l y  i n  L I S P *  

(PECOSgs t a r g e t  l anqua%e is  INTERLISP, which i n c l u d e s  a r r a y s  a s  
p r h i t i v e  d a t a  s t r u c t u r e s + )  Tkus,  a p p l y i n g  a l l  of  t h e s e  r u l e s  y i e l d s  a 
sequence  o f  f i v e  s t e p s ,  h o s e  end r e s u l t  i s  t h e  f o l l o e n g  d e s c r i p t i o n  



of  a  d o n c r e t e  r e p r e s e n t a t i o n  % O H  t h e  c o l l e c t i o n :  

< LISP a r r a y ;  index :  1 t o  180; t p e :  Boolean > 

The h p o r t a r r t  p o i n t  t o  n o t i c e  i s  "ca t  t h e  r e f i n e m e n t  p r o c e s s  went 
th rough  s e v e r a l  s t e p s ,  r a t h e r  than  go ing  d i r e c t l y  from " c o l l e c t i o n "  t o  
'XEISB a r r a y  o f  Boo leansou  Each s t e p  r e p r e s e n t e d  a  s e p a r a t e  d e c i s i o n ,  
t h e  a d d i t i o n  o f  a  s m a l l  m o u n t  o f  d e t a i l  t o  t h e  a b s t r a c t  d e s c r i p t i o n .  

J u s t  a s  t h e  n o t i o n  o f  r e f i n e m e n t  h a s  qa ined  f n c r e a s i n q  impor tance  i n  
p roqrmming  methodology ( e . g e -  [ M i r t h  1971, Dahl e t  a l  1 9 7 2 ] ) ,  
r e f i n e m e n t  h a s  been a  c e n t r a l  o r g a n i z i n g  p r i n c i p l e  i n  PECOS " s  d e s i g n .  

3-  4 .  Ref inement  R u l e s  

Most o f  PECOS " s  h o w l e d g e  abou t  programming i s  r e p r e s e n t e d  i n  the  form 
of "rkefinernent r u l e s , "  each d e s c r i b i n g  a  way t o  add d e t a i l  t o  some 
p a r t i c u l a r  p a r t  o f  a  p r n g r m  d e s c r i p t i o n .  ( T h i s  i s  u s u a l l y  expressed  
by desc r tb inp ;  a  way t o  h p l e m e n t  a n  a b s t r a c t  c o n s t r u c t  i n  terms o f  
s l i g h t l y  more r e f i n e d  e o n s t r u c e s . )  The m o u n t  o f  d e t a i l  added by a  
r e f i n e m e n t  r u l e  i s  r e l a t i v e l y  s m a l l .  P, d e l i b e r a t e  e f f o r t  h a s  been 
made to  i d e n t i f y  and s e p a r a t e  o u t  t h e  indivfadual d e c i s i o n s  t h a t  a r e  
o f t e n  0nl.y i m p l i c i t  i n  much l a r g e r  decisions* For e x m p l e ,  r e f i n t n g  a  
c a l l e c t i o n  i n t o  a 3-inked l i s t  o f  CONS c e l l s  t a k e s  f i v e  s t e p s ,  each. 
co r respond  inq t o  s par t i cea la r  d e s i g n  decj -s ion . ;  

In  t e r n a l l y ,  r e f i n e m e n t  r u l e s  a r e  r e p r e s e n t e d  a s  c o n d i t i s n / a c t i o n  
hairs, where the  c a n d i t i a n s  a r e  p a t t e r n s  o f  a b s t r a c t  c o n c e p t s  t h a t  may 
appear  I n  a p r a g r m  d e s c r i p t i o n ,  and t h e  a c t i o n s  a r e  changes  t o  b e  
made i n  $be d e s c r i p t i o n  &en a p p l y t n g  t h e  r u l e .  Again,  t h e  d e t a i l s  o f  
PECOS"s r e p r e s e n t a t i o n  scheme a r e  n o t  p a r t i c u l a r l y  r e l e v a n t  t o  t h i s  
d i s c u s s i o n  and w i l l  b e  o m i t t e d .  

3.2. Ref inement  Sequences 

A s  s e e n  above,  PECOS c o n s t r u c t s  implementa t ions  through g r a d u a l  
r e f inement : :  t h e  o r i g i n a l .  s p e c i f i c a t i o n ,  d e s c r i b e d  i n  terms o f  
a b s t r a c t  c o n c e p t s ,  i s  t r ans fo rmed  through a  sequence  o f  d e s c r i p t i o n s  
u s i n g  s u c c e s s i v e l y  more r e f i n e d  c o n c e p t s .  The end r e s u l t  i s  t h e  f u l l y  
i n p l m e n t e d  p r o q t m  usFng th& c o n s t r u c t s  o f  t h e  t a r g e t  l anguaqe .  The 
p r o c e s s  may b e  d i a g r a m e d  a s  shown below:: 

a b s t r a c t  p a r  tda lLy  r e f i n e d  c  onc re t e  

The f i r s e  d e s c r i p t i o n  Fs t h e  a b s t r a c t  s p e c i f i c a t i o n ;  t h e  E a s t  i s  t h e  
f  ukEy i m p l m e n t e d  program, and e a c h  i n t e r m e d i a t e  d e s c r i p t i o n  i s  
s l j g h t l y  more c o n c r e t e  than the  p r e v i o u s  one.  A s  i l l u s t r a t e d  e a r l i e r ,  
e a c h  s e e p  i n  such  a  r e f i n e m e n t  sequence  is  produced by a p p l y i n g  a  
s i n g l e  r u l e  from PECQSSs h a w l e d g e  b a s e .  S i n c e  t h e  amount o f  change 
%nv~Xved  i n  a s i n g l e  r u l e  i s  n o t  g r e a t ,  r e f i n e m e n t  s t e p s  g e n e r a l l y  
a l s o  i n v o l v e  s n f  y s m a l l  changes .  



3.3. Ref inement  T r e e s  

A s  no ted  above,  PECOS"s r u l e s  c o v e r  a  v a r i e t y  o f  i m p l m e n t a t i o n  
t e c h n i q u e s .  T h i s  i s  r e f l e c t e d  i n  t h e  r e f i n e m e n t  paradigm  en more 
t h a n  one  r u l e  i s  a p p l i c a b l e  a t  some s t e p  i n  a  r e f i n e m e n t  sequence .  
Thus,  PECOS a c t u a l l y  c o n s t r u c  ts " r e f  inernent trees ," a s  shorn  below: 

o r i g i n a l  a b s t r a c t  d e s c r i p t i o n  

p a r t i a l l y  r e f i n e d  d e s c r i p t i o n s  

c o n c r e t e  d e s c r i p t i o n s  (programs) 

Tne r o o t  of  t h e  tree i s  t h e  o r i g i n a l  s p e c i f i c a t i o n ,  t h e  l e a v e s  a r e  
a l t e r n a t i v e  i m p l m e n t a t i o n s ,  and each  p a t h  i s  a  r e f i n e m e n t  sequence .  
m r o u g h  t h e  c o n s t r u c  t i o n  and e x p l o r a t i o n  o f  such  t rees,  t h e n ,  PEGOS 
c a n  produce  a  v a r i e t y  o f  d i f f e r e n t  implementa t ions  f o r  the  same 
a b s t r a c t  s p e c i f i c a t i o n .  For e x m p l e ,  i n  t h e  t r e e  constructed f o r  t h e  
WMES a l g o r i t h m ,  one  l e a f  was t h e  l i n e a r  implementa t ion  and t h e  o t h e r  
l e a v e s  were nonl- inear  h p l m e n t a  t i o n s .  

An h p o r t a n t  . f e a t u r e  o f  s u c h  t r e e s  i s  t h a t  t h e  nodes (program 
d e s c r i p t i o n s )  a l l  r e p r e s e n t  " 'correc  $" proqrarns (assuming c o r r e c t n e s s  
o f  t h e  rules, o f  c o u r s e ) .  Each node r e p r e s e n t s  a  s t e p  i n  a  p a t h  from 

' t h e  a b s t r a c t  s p e c i f i c a t i o n  to  same c o n c r e t e  i m p l m e n t a t i o n  of i t .  
When p a t h s  c a n n o t  b e  completed ( a s  happens o c c a s i o n a l l y ) ,  t h e  cause  is  
g e n e r a l l y  t h e  absence  o f  r u l e s  f o r  d e a l i n g  w i t h  a  p a r t i c u l a r  p r o g r m  
d e s c r i p t i o n ,  r a t h e r  than  any i n h e r e n t  problem w i t h  t h e  d e s c r i p t i o n  
i ~ s e l f .  The use  o f  r e f i n e m e n t  r u l e s  e n a b l e s  PECOS t o  proceed d i r e c t l y  
toward c o r r e c t  i m p l m e n t a t i o n s ,  w i t h o u t  any need f o r  t e s t i n g  d i f f e r e n t  
c m b i n a t i o n s  o f  p r i m i t i v e  c o n c s t r u c t s  t o  s e e  i f  t h e y  a r e  c o r r e c t .  On 
t h e  o t h e r  hand,  t h e  p o s s i b i l i t i e s  f o r  " i n v e n t i n g "  a  new u s e  f o r  
p a r t i c u l a r  o p e r a t o r s  i n  the  t a r g e t  l anguage  a r e  c o n s i d e r a b l y  r e d u c e d -  

4-  A SECPRCH SPACE OF CORRECT PROGRMS 

D i f f e r e n t  i m p l m e n t a t i o n s  o f  a b s t r a c t  c o n c e p t s  a r e  o f t e n  a p p r o p r i a t e  
under d i f f e r e n t  s i t u a t i o n s  ( e . g . ,  t h e  two sets i n  PRmES). Given some 
measur e o f  'kaprropr i a t e n e s s "  P (perhaps a n  e f f i c i e n c y  measure) . PECOS " s  
r e f i n e m e n t  tree p r o v i d e s  a  s p a c e  t h a t  c a n  b e  sea rched  f o r  t h e  most  
a p ~ r o p r F a t e  i a p l m e n t a t i o n *  While i t  i s  t o o  e a r l y  t o  make a  g e n e r a l  
conc3iusion, e x p e r i e n c e  w i t h  such  trees s u g g e s t s  t h a t  t h e y  p r o v i d e  a  
r e l a t i v e l y  c o n v e n i e n t  way t o  d e a l  w i t h  t h e  v a r i a b d l i t y  and complex i ty  
t h a t  seem a n e c e s s a r y  p a r  t o f  r ea l -wor ld  p rogrmming  . 
T n e a r e t i c a l l y ,  PECOS c o u l d  b u i l d  t h e  e n t i r e  t ree,  c m p u t e  t h e  
" a p p r o p r i a t e n e s s "  measure o f  e a c h  l e a f ,  and s e l ~ c t  t h e  b e s t .  S i n c e  
t h e  nrmber of  r e a s o n a b l e  implementa t ions  of  a  g i v e n  a b s t r a c t  a l g o r i t h m  
c a n  b e  q u i t e  h i g h  ( t e n s  o r  even hundreds)  , however,  t e c h n i q u e s  f o r  



p r u n i a g  t h e  t r e e  and l h i t i n g  t h e  s e a r c h  have  a  c l e a r  u t i l i t y .  Both 
a n a l y t i c  and h e u r i s t i c  t e c h n i q u e s  have  been  t r i e d  and PECOS " s  u s e  o f  
i n t e r m e d i a t e - l e v e l  a b s t r a c t i o n s  h a s  proved h e l p f u l  i n  b o t h  c a s e s .  
Work o n  LIBRA, E I " s  E f f i c i e n c y  & p e r t ,  h a s  i n c l u d e d  t h e  d w e l o p m e n t  
o f  e f f i c i e n c y  e s t i m a t o r s  f a r  t h e  i n t e r m e d i a t e - l e v e l  c o n s t r u c t s  and t h e  
a p p l i c a t i o n  o f  s t a n d a r d  t e c h n i q u e s  ( e - q - ,  branch-and-bound) t o  t h e  
e x p l o r a t i o n  o f  PECOS " s  r e f i n e m e n t  trees [Kant 19775. h l  thouqh most o f  
t h e  i n i t i a l  a p e r l m e n t a t i o n  w i t h  PEGOS h a s  been  done i n  an i n t e r a c t i v e  
mode ( d t h  t h e  u s e r  s e l e c t i n g  t h e  p a t h ( s )  t o  b e  f o l l o w e d ) ,  a b o u t  a  
dozen choice-makin5 h e u r i s t i c s  e r e  added t o  PEGOS f o r  t h e  u s e r "  s 
c o m e n i e n c e  . Exper h e n  t a l  ev i d e q c e  i n d i c a t e s  t h a t  even such  a  s m a l l  
s e t  o f  h e u r i s t i c s  i s  c a p a b l e  o f  d e a l i n g  w i t h  a b o u t  t m - t h i r d s  o f  t h e  
c h o i c e s  encoun te red  i n  a t y p i c a l  run .  The e a s e  w i t h  which t h e s e  
h e u r i s t i c s  were added ( l e s s  t h a n  a  weekes  work) s u g g e s t s  t h a t  the  use  
o f  s e v e r a l  l e v e l s  o f  abstraction i s  o f  s i g n i f i c a n t  v a l u e .  

The b i g g e s t  problem w t t h  PECOSes use o f  t h e  r e f i n e m e n t  paradigm seems 
t o  b e  a  po ten t i a l .  f o r  r edundan t  work when s e v e r a l  p a r t s  of  a  program 
a r e  t o t a l l y  independen t .  T h i s  h a s  t u r n e d  o u t  t o  b e  a  s m a l l e r  problem 
t h a n  o r i g i n a l l y  expec ted  , and some relatively s i m p l e  t e c h n i q u e s  l e . q . ,  
pos tpon ing  d e c i s i o n s  a s  long  a s  p o s s i b l e ,  f i n i s h i n g  one p a r t  b e f o r e  
working on a n o t h e r )  have proved s u f f i c i e n t  t o  d e a l  w i t h  i t .  Should 
t h i s  problem become wore s i q n i f i c a n t  i n  f u t u r e  development ,  r e c e n t  
work o n  "daila dependencies"  may p r o v e  q u i t e  u s e f u l  [Doyle 1.9771. 

PECOS " s  r e f i n e m e n t  paradigm,  t o g e t h e r  rsri t h  t h e  knowledge b a s e  
expressed  a s  r e f i n e m e n t  r u l e s ,  p r o v i d e  a  s e a r c h  s p a c e  i n  which t h e  
d c c u r r e n c e s  o f  88reasonabLe" s o l u t i o n s  a r e  r e l a t i v e l y  d e n s e ;  most 
b r a n c h e s  a c t m l l y  l e a d  t o  v a l i d  s o l u t i o n s  and t h e  rest l e a d  t o  
dead-ends r a t h e r  than i n v a l i d  s o l u t i o n s *  In p a r t ,  t h i s  i s  due to  t h e  
p rogrmming  t a s k  t h a t  PECOS p e r f o m s :  t h e  i m p l m e n t a  t i o n  o f  
a b s t r a c t l y  s p e c i f i e d  p r o q r m s .  The s p e c i f i c a t i o n s  a r e  r e l a t i v e l y  
a l g o r i t h m i c :  p r o g r m s  i n  a  v e r y  h i g h - l e v e l  language.  (Although a s  
t h e  l e v e l  i n c r e a s e s ,  t h e  s p e c i f i c a t i o n s  became less a l g o r i t h m i c ;  

I I e - g . ,  Compute "ce i n v e r s e  image o f  X under  t h e  mapping H-"') A s  a p a r t  
of  a l e "  s bowledge-based Automatic Programming p r o j e c t ,  w e  a r e  
f n v e s t i g a t i n g  t h e  u t i l i t y  o f  t h e  r e f i n e m e n t  paradigm &en a p p l i e d  t o  
even less a l g o r i t h m i c  s p e c i f i c a t i o n s ,  strch a s  " E n m e r a t e  the  nodes i n  
a  t ree i n  o r d e r  of  t h e i r  d i s t a n c e  from t h e  roo tD '  ( i - e - *  
b r e a d t h - f i r s t ) *  While i t  i s  f o o  e a r l y  t o  d o  more than  s p e c u l a t e ,  one 
p o s s i b l e  outcome o f  t h i s  i n v e s t i g a t i o n  nay  b e  t h e  development o f  a 
r e f i n e m e n t  t r e e  i n  which E P c m p l e t e a b % e "  s o l u t i o n  p a t h s  a r e  r e l a t i v e l y  
s p a r s e  n e a r  t h e  r o o t  and more dense  n e a r  t h e  l e a v e s .  I f  such  i s  t h e  
c a s e ,   hen the  liEcelihood of s u c c e s s  may b e  t h e  p r h a r y  b a s i s  f o r  
making c h o i c e s  e a r l y  i n  t h e  p r o c e s s  and t h e  a n t f c i p a t e d  e f f i c i e n c y  o f  
t h e  f f n a l  s o l u t i o n  may b e  more strnportant i n  l a t e r  s t a q e s .  

The r e f i n e m e n t  paradigm may b e  compared w i t h  t h e  debugging paradigm 
whick~ h a s  been developed f a r  use  in problem-sol-v* sys tems ( e . g = .  
WCWR [Sussmarl 19759 , NASL @cBerrtlott E 9761 ). I n  t h e  debugging 
paradigm. d e c i s i o n s  a r e  made d t h  t h e  e x p e c t a t i o n  t h a t  any problems 
caused by t h e  d e c i s i o n  can b e  f i x e d  up (debugged) i f  n e c e s s a r y .  The 
p r i n c i p a l  d i f f e r e n c e  b e t m e n  t h e  m paradigms l i e s  i n  t h e  a c t i o n  



t a k e n  when something goes  wrong: w i t h  r e f i n e m e n t ,  t h e  p a t h  i s  
abandoned and ano ther  fol lowed;  w i t h  debugging,  a n  a t t e m p t  i s  made t o  
f i x  the  problem. A s  t h i s  may i n v o l v e  changing a d e c i s i o n  p r e v i o u s l y  
made, c m p a r i n r ;  a l t e r n a t i v e  b ranches  I s  more complicated than i n  the  
r e f  inement paradigm. Note , however,  t h a t  t h e  debugging paradigm h a s  
been a p p l i e d  t o  t a s k s  of a sorae&at d i f f e r e n t  charac-rr: i n  most 
problem-solving s i t u a t i o n s ,  t h e  t a s k  i s  t o  f i n d  any problem s o l u t i o n  
a t  a l l  i n  a s p a t e  t h a t  i s  q u i t e  s p a r s e ,  r a t h e r  than t o  f i n d  t h e  b e s t  
s o l u t i o n  from a d d e  v a r i e t y  o f  a l t e r n a t i v e s .  From t h e s e  
o b s e r v a t i o n s  . t h e  obvious  c o n c l u s i o n  is  t h a t  t h e  '"1 t tmate" aautomtic 
programming system w i l l  employ b o t h  o f  t h e s e  paradigms,  i n  a d d i t i o n  t o  
o t h e r s  n o t  y e t  developed. 
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ON STRATEGIES FOR THE SYNTHESIS OF' ALGORITHMS 

W, Bibel 

Technische Universitat MQnchen, Germany 

Abstract, A number of strategies for the canstruetion of algorithms 
fram a given input-output specirication of a problem are presented, 
Their application is illustrated by a detailed synthesis of the usual 
I V I A X I W  algorithm and Hoares FIm algorithm, 

INTRODUCTION 

Starting in 1974 the author has outlined a system for assist- 
ing the synthesis of programs [1,2,31, The underlying idea 
is to design a mechanism, in which a given problem descrip- 
tion is transformed in several steps into a form which can 
be efficiently executed by a machine, Moreover, this mecha- 
nism should be close to the human way of reasoning such that 
ac each point the programmer can decide whether to interact 
or ask the machine to make its attempts and report on the 
resrxlts, 

In the present note which is a condensed and slightly modi- 
fied version of [41 we are exclusively concerned with the 
first major step of such a mechanism, which is regarded as 
t h e  hardest one: how to transform a purely descriptive 
statement, which may be assumed to be formulated in predi- 
cate logic, into one which at least implicitly is of an aL- 
gorithmic nature 121, Several strategies are proposed, and 
their mechanical applrcation in a standard sequence and the 
resulting transformation are given for two selected exam- 
ples: the MAXirnum problem and Moare's FIND problem [9!, 
Very recently a considerable amount of independent but re- 
lated work has been done Like that reported in C5,6,7,8,111, 

BASIC STRATEGIES 

In the following examples the formula to be worked upon will 
he of the rorm 

1,1, vinput 3output (input-condition + output-condition) 

which allows to suppress the quantifiers in most cases (ac- 
cording to common practice). We will also drop those parts 
from the input-condition which are understood by the con- 
text or irrelevant for the solutione With these conventions 
the formula for the well-known maximum problem reads 



where Slm is short for Vx(xrS + xlm) . This description 
determines a function MAX(S)=m but it does not specify 
how m could be determined for given S, 

It is very natural in such a situation to make a guess, say 
m', for m and see how lucky we are, BilC we must somehow 
specify the domain where to take m v  from. Obviously, it 
is seasonable to choose such a specification from those 
given output- conditions which specify m, Were we have 
two of them: msS and S<m, Requiring both also for in' 
would not reduce the problem, So a choice between two alter- 
natives is left, 

The probabilities for the correctness of the guess are 
pq 1 / I S /  and pa = l/j EmiS<ml 1 ,  resp, If we assume p2CP.i 
which is true e,g, for a finite set of integers then obvi- 
ously the first alternative is more restrictive, i,e, ad- 
vantageous, Moreover, m'eS is a condition testable In one 
step, while S requires IS1 steps which additionally 
favours m'cS, Let us put these considerations, which ap- 
parently are of a general nature and not specific to this 
example, into the following two strategies, 

GUESS: Transform a problem of the form 
Vinput 337 ( i n p u t - c o n d i t i o n + o u t p u t - c o n d i t i o n )  to 
'dinput Vy'3y (input-condition A domain-speciffcat%on 

+ output-condition A ( y + y V  y = y y ' ) )  
where domain-specification is determined by the fox- 
lowing ,substrategy (and fi denotes exclusive disjunc- 
tion), 

DO\MAIN:F~~ a problem as in GUESS cansider the set P of 
subsets of those conjuncts in output-condition 
which specify y. By conjuncting the elements of 

each of these subsets P becomes a set of for- 

mulas. From 6 choose an element C as domain-spec- 
ificatfon such that C is minimal with respect to 
the following relation Ck, 

A 
For CcP let q~ : =  liyiC hnldsll, and s c  be the 
12umber of steps required to test whether C holds 
for given y Then 
CCkD iff qcesC<k.p6*sD a p D ~ s g ~ k ~ p C e s C .  

For the purpose of this paper we will not specify in more 
detail what is meant by a "step" and how to determine q,s 
in general, The reader may assume that this information is 
provided to che mechanism fron outside, k is a weight 
factor; k=l is good enough for the examples in this paper, 

Applying these two strategies to 1,2 gives 

This new version is already of an implicit algorithmic na- 



t u r e  121 wh2ch chn i ~ e  made t~xplicit by art equiv~lencc trhns- 
for:lztic:r?, Such a transformation will be activated by the 
foli:)wirg strategy , 

G E 1 - G  ( oal-oriented equivalence transformation with goal -? G,. Rewrit? a given formula-according to dnmair and 
gcal Jependent equivalence transformation rules un- 
til goal G is achieved, 

As a matter of fact GET stands for a collection of strate- 
gies, In the following some kstances are given, 

GET-DNF: the goal is that the resulting formula is in dis- - 
junctive - normal form (alternative cases), - 

Applying that to the conclusion in 1,3 yields 

GET-REC: the goal is to find some kind of recursion. 
P 

In some more detail, GET-REC would consider the first al- 
ternative in 1,4 (and not the second one since m is ex- 
plicitly determined by input m-n it), There meSnrn.i.m7 
can be rewritten to m e S \ m h  mmlm" Comparison with the 
original specification 1 - 2  indicates that the term S in 
this alternative should be substituted by S\m' to match 
the desired goal, Noting additionally that under the prem- 
ise m'eS the inequality mSmP in fact can be read as 
ml<m the theoram prover wculZ establish that 1.4 is equiv- 
al.es-it 

Using the function name this simply reads 

GET-EP: the goal is that - predicates become (more easily) 
evaluable, - 

Since MAX(S\mf) is easier to be evaluated than MAX(S) 
this strategy can be applied to 1,6 to yield 

A corresponding algorithmic version is 

I08, MAX(S) begin choose m' such that mzeS; -- 
if' SxmYS@ A mT<MAX(S\mr) then MAX(S\mq) - 
else m' end 

P 

We have used MAX to illustrate these strategies but the 



point is that the pattern: 'kppply GUESS and DOMAIN, then 
GET-DNF, then GET-REC, finally GET-EP" (or extensions of it) 
may be successful also for other problems, Several other ex- 
amples support this thesis, Two more (PART,FLND) are con- 
tained in the next section and a further one (LOCATE) which 
involves the more complicated data-structure of ordered ar- 
rays can be found in [ Q i ,  We do not know of any other se- 
quence of strategies which would be successful for all these 
problems, E,g, the divide-and-conquer paradigm [81 provides 
an equally satisfactory synthesis for MAX but not for LOCATE 
and PART, 

THE SUBPROBLEM MECHANISM 

Upto now we have studied problems with only one existential 
quantifier, In this section we study a well-known problem 
[9] which is more complicated in that respect and introduce 
additional strategies for this type of problems, FIND asks 
for separating a given set S into the two subsets of those 
clements which are smaller/greater than the i-th element 
from S with respect to a given ordering, Formally the 
problem reads 

2,1, 'dSb'i3Sq 3a3S2 FTND(S,i) = (Sl ,a,S2) where 

2,2, FIND(S,i)=(Sl,i,S2) -++ 

(Ili5lSI -+ S=SqOa8S2 A lSat=i-l A Sl<a A a<Sz), and 

1r; this case it is necessary to study the dependency of the 
output-variables among each ocher, A special case of such a 
dependency is given when one of the variables can be explic- 
4tly expressed in terms of the remaining ones according to 
the output-conditions, Of course this variable can then be 
substituted, 

REDPVA3: apply GET to output-condition with the goal of ex- 
plicitly expressing one variable by the remaining 
ones and substitute that variable by the corre- 
sponding expression. 

Since x = s . ~ O ~ O S ~  +t s ~ = s \ ( s ~ U ~ )  A aeS  A SqlS A ads? appli- 
cation of REDIVAR to 2,1 gives 

In this new version a and Sy are left as output-corn- 
ponents and REDPVAR cannot be applied a second time, So the 
next task is to explore a dependency of S q  on a or vice 
versa, Which one of these two alternatives should one try 
plrst? Again we use a general cardinality argument to get 
the following strategy, which simply says that one should 
try a guess on that variable first where the guess is more 
likely to be correct, 



3 H V A K :  if t h e r e  i s  a c h o i c e  between two ( o r  m o r e l e x i s t e n -  
t i a l l y  q u a n t i f i e d  v a r i a b l e s  vq Iv2  and t h e  o u t p u t -  
c o n d i t i o n  i s  o f  t h e  form F ( v l )  A G(va)  A H(v l ,vz ' l  
where F  and G does  n o t  c o n t a i n  va and vq,  
r e s p , ,  and if j { v q l F ( v q ) h o l d s 1  1 < \ { v z [ ~ ( v z ) h o l d s l /  
t h e n  - choose  v a r i a b l e  vl  e l s e  v z ,  - 

S i n c e  = / ~ a / a e ~ ~ /  < I ~ s ~ ~ s ~ I s J ~  = 2 CHVAR chooses  
a i n  2 + 4 *  

The u s e r  and/or a thegr-ern p r o v e r  h a s  now t o  e x p l o r e  t h e  d s -  
s i r e d  dependency which w i l l  bs f o r m u l a t e d  i n  t h e  f c l l o w f n g  
s t r a t e g y .  

DEPEND: Given a  problem c:lS t h e  form 
'dinput 3vq3vz(input-condition+F(vl) A C ~  A ... AC,) 
where vq h a s  been  chosen  by CHVAR and Va o c c u r s  
i n  e a c h  C i  b u t  n o t  i n  F(vl), t h e n  d e t e r m i n e  a n  
i n d e x  s e t  I i , ! , , , , i , l  G ( l , , , , , n l  such  t h a t  
'd input  Vvq3vaI1n~t-c0ndition~F(~q) + C $ ,  A . . .  A C *  ) I r a  
is a theorem but f o r  a l l  j e ! t 5 e a e , n l k { i q 3 e e e 9 i r a l  
Vinput  ~ v l 3 v , ( i n p u t - c o n d i t i o n  n F ( v q ) + C i l  n . . .  
. . .  A C ~ , A  Cj) i s  n o t  a theorem.  

Note t h e  max ima l i ty  i n  t h e  r e s u l t i n g  dependency,  The a l e r t  
r e a d e r  w i l l  s e e  i n  t h e  f o l l o w i n g  bow t h a t  c o n t r i b u t e s  t o  t h e  
e f f i c i e n c y  o f  t h e  r e s u l t i n g  a l g o r i t h m ,  

Applying DEPEND t o  2,4 g i v e s  t h e  new problem,  

T h i s  d e f i l i e s  a new problem which w i l l .  g e t  a name:: PART, A s  
a subproblem i t  h a s  t o  be  s o l v e d  b e f o r e  r e t u r n i n g  t o  FIND, 
I t s  s t r u c t u r e  i s  l i k e  t h a t  f o r  MAX e x c e p t  t h a t  Sq i s  a 
s e t  ( w h i l e  m i n  MAX was a n  e l e m e n t ) ,  But s i n c e  a s e t  can  
b e  d i s p l a y e d  o n l y  by c o n s t r u c t i n g  i t s  e l e m e n t s ,  t h e  b a s i c  
s t r a t e g i e s  s imply  r e q u i r e  a s t r a i g h t f o r w a r d  a d a p t i o n .  So 
GUESS i n t r o d u c e s  a new q u a n t i f i c a t i o n  ~ a :  a s  b e f o r e  b u t  
" s u c c e s s  OF f a i l u r e "  r e a d s  ' k $ S S ,  $ a { 4 S q V  (and  no t  
19 a i = S ~  9 a :=bSqU) ,  The c a r d i n a l i t y  argument i n  D O M A I N  s i m i -  
l a r l y  a d a p t e d  g i v e s  a;eSi.a as d o m a i n - s p e c i f i c a t i o n .  These ,  
GET-DNF, -REC, and -EP a p p l i e d  t o  2,5 y i e l d  

in t h e  same way as i n  t h e  p r e v i o u s  s e c t i o n  which r e p r e s e n t s  
a s o l u t i o n  f o r  PART(S,i ,a)  = S?+ With t h i s  r e s u l t  RED+VAR 
can  now be  a p p l i e d  t o  2,4 y i e l d i n g  

In 2,7 o n l y  a i s  e x i s t e n t i a l l y  q u a n t i f i e d ;  s o  a g a i n  we 
have o b t a i n e d  a s t r u c t u r e  l i k e  t h a t  d i s c u s s e d  in t h e  p r e v i -  



ous s e c t i o n ,  For  lack o f  s p a c e  we must l e ave  i t  t o  t h e  r e a d -  
e r  t o  v e r i f y  t h a t  t h e  s t a n d a r d  sequence  GUESS, D O M A I N ,  
GET-DNF, -REC, and -EP r e s u l t s  i n  

%TO c>f t h e  p r e m i s s e s  j u s t  i n t r o d u c e  a b b r e v i a t i o n s ,  
A c o r r e s p o n d i n g  a l g o r j t h m i c  form i s  

2 , 9 ,  F I N D ( S , ~ ) =  
b e g i n  choose  a' s u c h  t h a t  ~ ' G S ; S :  + F A R T ( s , ~ , ~ '  ; -- 

i f  IS : t< i -1  t h e n  
v 

( S y , a , S 2 ) ~ m ( ~  iS:UaV 1 ,i- l S: i -1) ; (q UafUSu 1 3  a. 3 3. z S; e l se  

If i - l < i S :  l t h e n  - 
( S q , a , ~ ; )  +FIND(S~,~);(S~,~,S\(S~U~)) e l s e  

(S: , a B  ,S\ (s: Ua) ) 
end 
P 

T r a n s f o r m a t i o n  o f  t h e  r e c u r s f o n s  i n  2,9 i n t o  l o o p s  and i m -  
p l e m e n t a t i o n  o f  t h e  s e t s  as a r r a y s  would g i v e  e s s e n t i a l l y  
Woa.rets algon-ithm f o r  FIND, 
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By P, Birch m ~ d  the POPEm groupJ 
Cogitive Studies Fmgrame, 
School of Social. Sciences, 
Ijni..versity of Sussex, 

USTPACP A system. is p~esented thak recomises emerging scene stmc- 
tures as a picture is inzte:~re~ted, Eqhasis is placed on using local 
gmss feabures (which are cheap Lo comte) Lo guide the buil&g of 
m interpretation, 'When this results in ambiwlty, m r e  global con- 
sideratfans can be used, Finel- features (n-are ex~ensive to corrspi~te> 
cajz also be utilised when present, 

E Perception, ambiguities, inlee-mediate descriptions, self - 
adapting, dter~~ative intevretatians, BGestalt f , recognition, 

"61e sys"cexrl that 1 descdbe called A S ,  was built in the endmnrraent 
of "c~e iaO$Em project, S l o m  a d  Hardy- ( 4  9 7 6 )  md. S l o m  ( - 1  978). 
P W m ,  ir?habils a woL.l.d consisting of capi.td letters formec? fmm. flat 
overlapping 'bar shaped' laminae, POPE-a finds the b u s  in such pictures 
m d  can pass them ts A S  as potential letter strokes, 

The pmblem then, is how to combine these st~wkes together, aggre- 
ga"ding "cem xnto meaa-engful stmc%~~res in term of the letters that the 
system knows %bout, One sensible idea is to start f r o m  the clearest 
parts of the picture and trust that the intex~retations that g m w  fmm 
these areas will help to a s a d i ~ a t e  those less clear htemedng 
regions, En this d o k n ,  a rlefi-nition of ' clear pi-cture part "could be 
my sCmke with only one 'neighbourf, 

Of course we need a good idea about where d l  the stmkes in the picture 
are before we c m  locate the clear parts, As our pictures can be noisy, 
this m y  be ii_r;plssible, It is also possible to constmct pictures in 
which every stroke has more than one fneighbourf , However we define 
klear part of the picture', we .e i%ll  run into pmblem of this kind, 

A strategy has been developed that permits recowition of picture 
fragments as their meher strokes are diecovered, Segmentation is 
achieved by ~ecognftion? of 'impossible% fragments, In the event of 
ambisities occurring this can be postponed until clearer regions of the 
picture are dfscavered which allow the al~hi~ifies to be resolved, If 
it becomes apparrent that not d L  the stmkes are going to be &scovered 
by n a r d  methods, due to noise or occlusion, ASH can use recogrzised 
fragn~ents to guide "op-dotrq~~ processing, 

&3H uses a network of concepts to aggregake stn-okes tageLher i ~ t o  letters 
and letter fragments, '$&en adigyrsities of segmentation occur, eqlicit 
dtemzatives are produced, Several dternatives car1 be held, on3.y one of 
tahicYn is actively pu.rmed at my partic~lar time, This is necessary 



because sarw p i c t u r e s  can !~ave 1mre t haj.3 one Qooa Qlobal  i n t e r p r e t a t l o n e  
Ariother reason 1 L t h a t  t h e  xnt  erpret a t i  on of  s o m  p i c t u r e  f r a g m n t  s can 
be ambiguous i n  i s o l a t i o n ,  I n  s~ rch  c a s e s  it 1 s  iiseful. t o  be a b l e  t o  m t n -  
t d n  aL-tel-~~ac-fves so that an interpre5a.i;ion wkeh x t  so re  s t a g e  was 
f abarid~ned'  a s  berng w l l i k e l  y, an3 whi ch c o w s  back into favour  doesn ' t  
have t o  be r e k u i l t  from s c r a t c h ,  

I c a l l  the nodes i;f t h e  nezwork 'i,ha.t A5H uses ,  ELmENTts, Each 
el..erwr~.I; r ep re sen t s  a concept which cavl be e i t h e r  a whole l e t t e r  r3r some 
-iet-i:.er .Fragment. The e l e m n t ' s  a r e '  thus of two types,  (i) t h e  o b j e c t s  
t h a t  t h ~ ,  sys.tern kxlows a.borrt =d (it) ir~'ier~ec?i.ai"g concepts (i,e, par t s  

known objec"L:s), An e:lenr~nt C ~ I  belong t,c> bc th  ca. t~egories ,  f o r  
ercanq~le, an i s  pa.rt  o.f m. f E t  , 

A s  s-i:-rokes a r e  presented t o  A.SI.1, t hey  a r e  aggregated t o g e t h e r  i n t o  
" 3 ann ;~s -:alles! f r-agmnds a A:1; each f ragment, grow:; i..t ;i.:; assac:iated wi th  

2 s ,.is:ce ss ic~n.  of elements , hope fu l ly  ending a t  one which r ep resen t s  a 
whole I.e%er* hi element, i s  a rmdel of s t l e t t e r  f r a b m r ~ . t  ' and each 
fragment a s scc i a t ed  d:ll? i t  is i n s t ance  of that ;  m d e l ,  Fragments 
i:onta.rn ; t rokes ,  elements represen. ta t ions of t,hose s t rokes ,  Below, 1 
U.SP :,he i.erm, Bfsl-8,:roke", Soi- botch., allowi-ng context  t o  disa.mbigu.at,e, 

'Ti;#,> ne.i;work lias arin eiitj-y poin t  f o r  each b.ksic -L;ype of .fragment, 
W i  tkLn POPEfEf s world, t h e s e  c o n s i s t  of e lemzi t s  r ep re sen t ing  vertica-L, 
ho~i .zonta .1 a d  two s o r t s  of diagona?. s t ~ m k e s ,  Rou1;e.s through t h e  ne t -  
work cons i s t  o f  c h d n s  of p o i n t e r s  (ptr i"r;.?rrl element t o  element,  The 
f oux :;tart e:l.emekts i.on"cin po in t e r s  ", t hose  el-ernent s repres  en-Ling two.-- 
s t r o k e  1e i r . t . e~  f r a g m n t s ,  These p o i n t e r s  i n d i c a t e  how. a new s t r o k e  c m  be 
;joj.ned Lo let-ter. fragments i.,on.tai.ning j u s t  sue  s t m k e ,  Thus t h e  f$bottom 
esitb - ~?~e;!;t :;<cieft o f  t he  s t r n k e  i n  t h e  element; representi .n,g a ver t icz l  
s t , roke  poin ts  t o  t he  i?:l.ement tha-l; repr 'esents  !;he I.e.ttier L, The exis tence  
of the p o i n t e r  sag:: you can add a Y-troka here ,  a n d  t h e  poin ted  t o  e l e r n e ~ t  
shows )Wu ~dha.:, pi? -then ge-t , 

r 1  .the:-$ i s  a s l u t  fo.1- a p i n - t e r  a.t  evesy p o s i t i o n  wi th in  m element 
where a s t m k e  could f e a s i b l g  he  added accortl-t'.ng t o  t he  g r a m a s  of t h e  
domain: . i , e ,  S-i;mkes e m  be connected .to o t h e r  s t rokes  a t  one of t h r e e  
poi-nts ( t h e  two ends md n~iddLe) a io r~g  t h e i r  l eng th ,  

f X  L'ne ~,-b~b have a cI~.lal rcsle, Iu.: a : .Le~i  pi.c"r,ure where a l l  che s t sokes  
a r e  c:lea.r:i.y depic ted ,  t hey  a r e  ,f o1iznc.i. $ e a s i l y "  by aui;onoTwr)u.s "not  tarri-up ' 
processes .  Here t h e  p L r T s  m r e l y  i n fo rm  ASEI h0r.r t h e  sti-olres can be lf_n%ed. 
Ir< ~ii.i.'i~ a p i c t n r e ,  i t  i s  lzoL necessary  t o  s ea rch  k.top-dounT f o r  s - t rokes ,  
II!?:here "L evidence t,l?a-t some sLrukes haven8"ceen xncovered., a s  when we 
have sc)nle incomple-te l e t t e r  SragmenLs -xd no rwre s t rokes  can be found 
easily,  the^ it bec0m.e~ necessary  t o  search 'top-dawn' . Here the p t r ' s  
cmi  t , e l l  FOPm whe.1-e Lo exi-~,ec-t s t~c ikes ,  so t h a t  d i r ec  bed searching  can 
0 CCLIZ' , 

i7 jh-i:; isnv?i, sui'fii:ient; c?n i . 5 ~  OWTI,  'i,Ji: k n ~ w  tii:ere to Look but  not  what 
, 7  , . . f  Tl;er-e a r e  se.ve.r-ti,': uaeasons why s s2roke  c0ul.d be ;dssi.:ig, 
It c:ou3.d be d!re .tc w c : : ~ l ~ i ~ i i ,  (2.r p c ~ h a p s  i.:i a : . i i L  of no ise  i n  thLs 
WG .A 

,q? ,Lgj.c~; .i. .he gri.ctl:re, inec1ri.e~ are needed abo1.1.t why a s t ~ ~ o i c e  



ibasn": turned up "c sic! in searching f o ~  appxp~tate evidence, For 
s b p s  ip this dil-ection see Paul. (1 9 7 7 ) .  

Gxmwin~ the Net 

Cf AS13 kmws about the letter E then the elements for single hori- 
zon td a d  vertical Tfstmkps dght contain painters to those elements 
shorn below, I say might for dthough all these elements me in some 
sense k n o w  about by ASHJ they need not d E  be represented explicitly 
as el ement s 

L 
&rhea ASH starts life the only elenlents .that are xepresez~ted 

expl.ic-.i.dl. y are those repyesenking ( a) "the lekbers AST-: knows about and 
( L )  the foul- ba.sic stmke types, There are  no Links betmen elemenbe 
As  pictures are processed, ASEi uses complex m d  expensive sea~ching and 
stm1cJCi11-e mtch.ing pmced~~res to build tilose parts of the net that are 
needed, Use.Pd pieces of information are t h ~ s  re-represented in a 
m ~ e  sccassible form for future use, 

S n i t r a l l y ,  the fields associated with all paints on an element 
where a stroke 1dghL be added to a Letter fragment represented by that 
elermrtt are blank, \%Then it becomes necessary to kmw whether a stxmke 
can be joined to a letter fragment the appropriate element and the 
field therei.11 are consul-Ged, If the field is blank (as i"cd21 be at 
Tirst) the quesf;ion will he resolved by an extended search for relevant 
L%b-stmctures in knorm Letters, Thereafter, ASH w i l l  find either a 
poinztey. to the element that rep~esents Lettel- fragments that -8~ouid he 
created if a st~wke was added in that place, or &n indicator that adding 
a ~ t i w k e  here would result in the formtion of a FEF, (dniml imps- 
siple f l-agrcent ), 

One t i  t t l 2  i m k i  reasons for doing tilxng:: In th2s fashion, Is tha~ 
? i h  f r a r  zurrzber 9f o;? jec-ts are to be Icllosssl by tlhe syD;.tem then there 
w i l l  b t a  a large nurher of possible elements, a d  %n even Larger number 
of KIF's, If a \mrId f s frienay, then m s t  of these MIF's rdll pro- 
bably lzeves* be encountered, whereas a few wtll freqently turn1 up, Tf 
we were dealing with English script farmed from capital letters then 
the M E ' S  sh.osm below in (i) caused by the ju~aposition of a T with aan 
H -c;sxl?d be encountered freqently rglie~eas we dght we31 never encounter 
ihat sham in. (ii), It is thus not sensible to compute d1 possible ME's 

Consrder (i) below, Suppose POPEYE finds the 4ie~ticd bar fxrst as 
thls i s  slrghtlg larger, FOPmE passes " c h s  bar-skeleton? of the hypo- 
thesxsed b a r  to ASH, who attempts to absax"h it into %he current inter- 
pretation, In Shi s case the intel~z-e talion is empty so a 'fragment recordg 
is cxreatrd for Che new stroke w11ich is then liztked, as an instmce, to 
%he v-ertical stroke element, ASH interprets the single 'barf as a vertical 
s-tri:ke, Thp horizontal bar. is then found, ASR asks, are my otheF kmoim 
cltp? etL>rxs slgniflcantly close' t,o this one? 
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" .  :,: ..o?s -&. r-;rc.keci, Those bar-skeleton-joins that,  are: !.: l-:zc.e :r.i? tr: 
A r 

. . .  " . 
.. . .: i..??-.<,?.sp? b~i_rig too r e s t r i c t i v e  should be picked up I&,:.-, 57. .;,. : - 

,-~ - 
,<i.j bj:, 7 c> C". 'f. 

T h s  second. ---"Ice i s  s i g n i f i e z n t l y  c lose  t o  t h e  f i r s t  E,,;. ,4SiT I.:i,i:s 
a,s *,:cia e:!.eiile:?& with which t h e  f i r s t  s t roke  i s  associa ted ,  The re2.a.t-r .!.. 
, , ., si.,::.i> . ~-ir.k;ieen '(,he o1.d s t r o k e  m d  t h e  new s t m k e ,  i s  used t o  c'.sci.de T. ; ? , . ~ZI~  

,oe..,-i; c l  .i15.e el;-eme::% t o  address*  If doing t h i s  r e s u l t s  in a YES, %he>, 
:Sr.;.,gxent s a s so - i a t ion  wi th  t h e  ver t ics2 .  s t r o k e  element i s  broken, The 
.:or$.zonta2~ s t roke  i s  added t o  it ,  and it becomes associa ted  with t h e  

sl.c$::r;l~;;~t fL ? q. The fragments two mernhe::: s t m k e s  become associated.  x ~ i t k  
';J:leir. represerl tat ions i n  B L  , 

ASH zan ask POPEm t o  look c a r e f u l l y  a t  t h e  junct ions between ti-. 

z it, bars  and b u i l d  a  p r e c i s e  desc r ip t ion  of t h e i r  relat ionshj-p In 
t h i s  *as@ t h l s  i sn"  necessary,  f o r  t h e r e  a re  no g lobal  cons idera t ions  
con" l~c t i i l g  wi th  t h e  d e s i r e  i ; ~  f jo in '  these two s t m k e s ,  ( i i )  and IF;&) 
above would probably, &so be i n t e r p r e t e d  as  L% by mst people e q e c t i r L g  
c ~ p i t d  l e t t e r s ,  I n  some sense  a GESTALT can be s a i d  t o  have occurred 
-r-?,h (3 whole emerg-ing p r i o r  t o  coxmectivity d e t a i l s ,  These can t b r -  1;s 
d i  ~ ~ l v e r a ?  Sy yeTerence t o  t h a t  whol-e, 

A p ic t~ iz -e  l i k e  ( i i i )  above suffices t o  produce t h e  i d e a  o!' 2 ~ 5  t , ,  

-;-ex: POFEZ i s  corhined i d t h  ASH, Other processes  can then  a:;; txi._-,.' 

+~~ts:eei-l ihis a d  a l t e r n a t i v e  cases  such as (i) and ( i t ) ,  

, *i.rizj: t h e  f i g u r e s  below, 

I x s i g ? ~ u  s $Stv ~ 8 r l  resolve "Uk.,i, amL ;,i: ty b-3 ?~s&?g cont 6~ ,, L b  r v  i at-# 

:'I 1 5 ,3 ~,~-jser_ted x n z 2  ?;k C ~ S  s t m k e s  of ( i i )  i n  t h e  o rde r  1 ,2 ,3 ,k ,  , 2 .?- 
_ t eg.k-*~*geted zogetber  a s  they  t u r n  up and i n k q r e t e d  a s  p a r t  of ?a 1 ~ 2  

i 8 ) -  
8 - 2 5 -  -.,, a x  a sew i n t e r p r e t a t i o n  i s  b u i l t ,  f o r  Lt cannot be jo ine l  ii 

, -. -- , , , ,i.-ig I;.. ;he c u ~ r e n t  one d t h o u t  generat ing a MIF, It c m  kcwever be  
ju---;eii t o  3 i f  t h e  idea  t h a t  3 f o r m  p a r t  o f  an X"I i s  a.bandoned, The pew 
IL 4erq?ret,,d;.nn, Ir + L, i s  prefer red  t o  t h e  i n t e r p r e t a t i o n ,  f p a r t o f  rn H - 
;: horizonpid scmke a s  it contains m r e  complete ob jec t s ,  I f  ( i i )  was 
s - e d l y  p a r t  of (iif) t h e  d ~ s c o v e r y  of  5 and 6 would cause a  swing back t o  
t h e  o ~ i g i n a 2  in tez-pre ta t io  I accomplished by continuing t h e  fpar.c of M -1- 

?a: -L ,mCd s t r o k e  t i n t e r p r e t a t i o n  t h a t  was r e j e c t e d  e a r l i e r  but  saved, 



If a ~ i c t u r e  cnnta ins  s ~ f f i c f  ent d e t a i l ,  then ASH can d s o  u t i l i s e  
t,lzis source, For  example, i f  t h e  l e t t e r s  were formed fmm bars  (as i n  
POF"EB% d o m h ) ,  then  when s t r ~ k e  4 i s  discovered we c a n  decide whether 
4 should be joined t o  3 a d  t h e  "ax% of  of N-interpretation abmdoned 
by exarninfng in d e t a i l  t h e  Jjnet;i3ns formed by  s t m k e  2 ~ 5 t h  3 ,  and 3 
with 4, We cm t hus  decide ~qbether  we have something l i k e  ( i i )  o r  some- 
th ing  l i k e  ( i i i ) ,  

usual ly /  
t h e  process  of bu i ld ing  a new i n t e q r e t a t i o n ,  c a l l e d  REFaA A T I O N  

s t a r t s  from a s t roke  tqhich f o r  some reason cant"cbe i n t e r p r e t e d  as  any- 
t h ing  bu t  a s i n g l e  s t r o k e  i n  t h e  cu r ren t  i n t e r p r e t a t i o n ,  There a re  seve ra l  
p s s i b l e  reasons. E,g, w e  have been bui ld ing  t h e  ' m n g '  i n t e r p r e t a t i o n  
c,r t h e  problem s t roke  should be joined t o  s t ~ k e s  yet t o  be  discovered o r  
'he problem s t m k e  is spurious,  

Refragmentation is t h e  bui ld ing  of a new i n t e r p r e t a t i o n  a s  i f  the 
problem s t roke  was the  f i r s t  t o  be discovered, and as i f  t h e  o t h e r  a l r e a l y  

b o r n  s t rokes  were discovered roughly i n  t h e  order  of how c lose  t h e y  a re  
t o  i t ,  An a l t e r n a t i v e  i n t e r p r e t a t i o n  can thus  be b u i l t  i n  which t h e  pm-  
blem s t r o k e  p lays  a r a r e  s i g n i f i c a n t  r o l e  than simply t s i n g l e  s t m k e r  
This may of course be a t  t h e  expense o f  seve ra l  o t h e r  s t rokes  which f i n d  
themselves rel-egated t o  a s i m i l a r  r o l e ,  

I n  c e r t a i n  p i c t u r e s  f excessive f ref  ragm?ntation i s  poss ib le ,  (Examples 
on board,) T h i s  can be  con t ro l l ed  i n  two ways, F i r s t l y  by examining t h e  
f i n e  d e t a i l  of  the  p i c t u r e  i f  ava i l ab le ,  and secondly by "suspending" 
s t roke  i f  it plays a pmmisient p a r t  in seve ra l  refragmentations. The 
r a t i o n a l e  being t h a t  o t h e r  l e t t e r  fragments w i l l  absorb those  a r m u n d i n g  
s t m k e s  which ark causing t h e  confusion l eav ing  on ly  those  whrEch should b e  
combined ~ T t h  t h e  scught a f t e r  s t roke ,  

i 

SEE BO.AR3 FOE (i) examples, 
( ii ) bibl iography,  
(iii) s e t  of m l e s  which descr ibe  how Cl te rp re ta t ions  a r e  

c o n s t m c t e d  i n  ASH, 
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DIALOGUES IN A C T O R  N E T S  

H .  P ,  BUHM,  H ,  L .  FISCHER a c b  P ,  R A U L E F S  

Ins t i tu t  f i r  Informatik $11 
Uni versi t z t  Bonn 

0-5300 Bonn 1, West Gern-ia~~ 

Abstract 

l n s t i t u t  f U r  Informatik I 
[Jniversl t2 t Karl sruhe 

D -  1503 Karl swhe 1, West Germany 

The actor society representation of knowledge i s  introduced, I n  a  
self-organizing society of actors ,  knowledge i s  dis$ributed s . t .  each 
individual actor has s t r i c t l y  local information. Although each actor 
exclusively t r i e s  t o  achieve i t s  own private goal, i t  exhibits a com- 
munication behavior making the ent i re  society form a  well-orgaised 
system having global properties no individual actor i s  aware o f ,  Actor 
societ ies  are realized as networks of CSSA-actors /I/, 

Vajor innovations introduced i n  th i s  work are:  
CSSA-actors real ize operational abskractionsa An operational abstrac- 
tkon i s  an  abject which i s  completely determined by the way i t  re- 
sponds t o   pera at ion reques$s, A l l  data and control structures can be 
uniformly described as re t rac ts  of operational abstractions,  Hence, 
any data/control type can be "programmed" as a  CCSSA-script s a t ,  a l l  
actors generated from such a  scr ip t  are o b ~ e c t s  belonging to  that 
type, 

2, The fice.tt.inbjr mechanism o f  CSSA-actors allows t o  real ize data/contro'l 
types by scr ip ts  in a  representatdon-independent way which i s  
( a )  very d i f f i c u l t  resp. ( b )  impossfble t o  achieve by ( a )  algebraic 
specification techniques resp, ( b j  languages using class-constructs, 
such as A L P H A R D  and GLU, 

3 ,  Dynamically administrable access-righhs allow t o  manipulate access 
res t r ic t ions  i n  an extremely f lexible  way while retaining a  t igh t  
discipl ine,  

4, Access-rights, and correctness specifications incorporated in patterns 
and messages f a r  evaluation in activation and creation pattern matches 
allow to combine and extend known validation and verification tech- 
niques, 



Idher, devcalcipi ng actor soc ie t ies ,  CSSA supports a particular s ty l e  of 
programmi ny ~ h i c h  we c l a i m  t o  contribute signif icantiy t o  know1 edge repre- 
sentdticin and programming methodology, Our paper g-ives an informal intro- 
duction t o  the centra l  l an~uage  concepts of CSSA, and by carefully working 
thk>ough a detailed example we pk"ovide evidence for  our claim, 

/1/ H. P, B6hre, H, I, F i s c h t r ,  T\ R ~ a u i e f s ,  CSSA: Language concepts and  
prag\.ammi ng methodo7ogy  pro^, Sylxlp. on Art i f ic ial  Intel 1 igence and 
Programming tangudges, Itochester, 1977,  ACM SIGPLAN Notices : - 12/ 
S IGART  Newsletter:64, - p p ,  100 - 109. 



THE F I T  APPROACH TO A %  LANGUAGES 

Ha ro ld  Boley 

Fachbereich I n f o r m a t i k ,  U n i v e r s i t z t  Hamburg, D-2 Hamburg 53, West Germany 

A b s t r a c t :  An o v e r v i e w  o f  the A I  l m g u a g e  F I T  i s  g i v e n ,  which  a t t e m p t s  t o  
u n i f y ,  g e n e r a b i z e ,  and advance  a  nwnber o f  p r o g r a m i n g  l a n g u a g e  c o n c e p t s ,  
I t s  c e n t r a l  en t i t i e s  a r e  f i t t e r s ,  a  u n i f i c a t i o n  o f  f u n c t i o n s ,  p a t t e r n s ,  
and v a r i a b l e s ,  e s p e c i a l 2  y o f  p r e d i c a t e  f u n c t i o n s  and t y p e d  v a r i a b l e s ,  The  
l a t t e r  a r e  a l s o  v iewed a s  new k i n d s  o f  d a m n s ,  Fitter d e f i n i t i o n s  a r e  
a s s i g n m e n t s  o f  b o d i e s  t o  complex  v a r i a b l e s  v i e w a b l e  b a t h  a s  f u n c t i o n  ap- 
p l i c a t i o n  forms and a s  c o n s e q u e n t  theorem i n v o c a t i o n  p a t t e r n s .  F i t t e r  
c o m p u t a t i o n  and l o o k - u p  a r e  t h u s  u n i f i e d  t o  f i t t e r  v a l u a t i o n ,  

D e s c r i p t i v e  terms: A1 l a n g u a g e s ,  FIT, f i t t e r s ,  f i t m e n t s ,  p a t t e r n  m a t c h i n g ,  
c o w l e x  v a r i a b l e s ,  v a l u a t i o n ,  c o n s e q u e n t  t h e o r e m s ,  t y p e s ,  demons,  

INTRODUCTION 

I n  my o p i n i o n  many A1 languages s i nce  PLANNER (Hewi t t  19691, developed i n  
t he  con tex t  o f  r a t h e r  s t r o n g  a p p l i c a t i o n  needs,have been t o o  implemen- 
ta t ion -minded  and ad hoc. Th i s ,  I t h i n k ,  I s  t h e  c r u c i a l  reason why t h e  en- 
thusiasm o f  t he  e a r l y  Sevent ies  (Bobrob! E Raphael 1974) now has y i e l d e d  t o  
a  c e r t a i n  d i s i l l u s i o n  as e x e m p l i f i e d  b; a recen t  panel d i s cuss ion  e n t i t -  
l e d  "The Bobrow-Raphael Survey Rev i s  i ted" bcQueen 1978) , 
But t h i s  i s  a  n a t u r a l  developmental c r i s i s ,  which can be overcome by now 
- a f t e r  a  phase o f  exper imenta l  p r a x i s  - concen t ra t i ng  on t h e o r e t i c a l  
concepts which can form t h e  bas i s  o f  ' t h i r d  g e n e r a t i o n '  A l  languages.. 
PLASMA (Hew i t t  1975) KRL (BobrowEWinograd 19771,  EVIL ( ~ o r n a t  GWie l inga  
19763, FIT ,  and o t h e r  languages may be regarded as - r a t h e r  d i f f e r e n t  - 
a t tempts  t o  do t h i s ,  O f  course t h e  u l t i m a t e  m o t i v a t i o n  f o r  such langua- 
ges a r e  s t i l l  p r a c t i c a l  needs (a p a r t i a l  L I S P  implementat ion o f  F IT  i s  i n  
p rogress ,  ope ra t  ions on d i r e c t e d  r e c u r s i v e  l a b e l  node hypergraphs ( ~ o l  ey 
1377) have been fo rmu la ted  i n  F IT ,  and a  FIT/DRLH - based expe r t  system i s  
planned) , 
I n  t he  f o l l o w i n g  o n l y  b a s i c  ideas o f  F IT  can be presented,  Same d e t a i l s  
may be found i n  (Bol ey 1978) , 

DESIGN PRINCIPLES, UNIFICATIONS, SUBORDINATIQNS, AND INNOVATIONS 

L e t ' s  now d iscuss  a  number o f  F I T %  des ign p r i n c i p l e s  P, u n i f i c a t i o n s  U, 
subo rd i na t i ons  S ,  and i nnova t i ons  I i n  an o r d e r  which pe rm i t s  a conven- 
i e n t  p r e s e n t a t i o n  o f  impor tan t  F IT  concepts,  

P I :  Ver -- 
F I T  i s  a  v e r y - h i g h - l e v e l  language i n  t h a t  i t  emphasizes exp ress i ve  power, 
even i f  t h i s  a f f e c t s  computat iona l  e f f i c e n c y ,  The reason f o r  t h i s  i s  ou r  
b e l i e f  t h a t  - e s p e c i a l l y  i n  t h e  long run  - t h e  "complex i ty  b a r r i e r "  
(Winograd 1875) i s  more a m e n t a l  b a r r i e r  o f  t h e  programmer than  a  campu- 
t a t i a n a l  b a r r i e r  o f  t h e  computer.. So we t r y  t o  widen the$ragrammer com- 
p l e x i t y  bo t t l eneck -y  a l l o w i n g  him t o  express h i s  ideas i n  a  non-res- 
t r i c t i v e  way, 



Few A l  languages meet p resen t  s tandards o f  (non-AI)  programming language 
d e f i n i t i o n s ,  A t  l e a s t  w i t h  r espec t  t o  t h e  o r t h o g o n a l i t y  demand t h i s  has 
c l e a r  d l  sadvantages (eg l a c k  o f  t ransparency ,  o b s t a c l e  t o  formal  sernant i cs). 
So F l T  o r t hogona l i zes  some A !  language concepts ,  eg by u n i f y i n g  c e r t a i n  
non-orthogonal  ones. Thus such seemingly t y p i c a l  A l  language ideas as 
p a t t e r n - d i r e c t e d  i n v o c a t i o n  a r e  syn thes ized  w i t h  t r a d i t i o n a l  ones, 

Simple t h i n g s  can be expressed i n  a s imp le  way u s i n g  subsets o f  F I T ,  and 
o n l y  complex t h i n g s  have t o  be expressed us i ng  F I T  c o n s t r u c t s  i n  t h e i r  
f u l l  g e n e r a l i t y .  The d e f a u l t s  a r e  se t  i n  such a  way t h a t  you o n l y  see 
t h i s  g e n e r a l i t y  when you need i t -  Th i s  permanence o f  F IT  c o n s t r u c t s  f rom 
s i m p l i c i t y  t o  comp lex i t y  makes F I T  easy t o  unders tand f o r  beginners .  

P4: Non-an im i s t i c  v iew o f  da ta  s t r u c t u r e s  

Wh i le  PLASMA'S a c t o r s  an imate da ta  s t r u c t u r e s  t o  a c t i v e  o b j e c t s ,  F I T J s  
f i t t e r s  leave  them as pass ive  ones: as g e n e r a l i z a t i o n s  o f  LISP f u n c t i o n s ,  
f i t t e r s  a r e  viewed as work ing  on data  s t r u c t u r e s .  S t i l l  F I T  a l l ows  the  
at tachment o f  knowledge t o  s p e c i f i c  da ta  i tems:  we s imp ly  use f i t t e r  de- 
f i n i t i o n s  hav ing  these da ta  i tems as cons tan t  parameters,  

P 5 :  S t r u c t u r e d  c o n t r o l  s t r u c t u r e s  

Many Al languages a r e  exper iment ing  w i t h  ve ry  complex c o n t r o l  s t r u c t u r e s  
(Bornat /Wie l  inga 3975), whereas F IT  does not ,  because these tend t o  make 
programs u n s t r u c t u r e d  and ve ry  hard  t o  unders tand ( u n r e s t r i c t e d  gotos a re  
s t i l l  e a s i e r  t o  understand than  u n r e s t r i c t e d  c o n t i n u a t i o n s ) ,  so t h a t  P I  
i s  v i o l a t e d ,  F I T  p r e s e n t l y  uses L ISP ' s  h i e r a r c h i c a l  c o n t r o l  s t r u c t u r e s ,  
augmented by va r i bus  k i nds  o f  f a i l - backs  upwards i n  t h e  h i e ra r chy ,  eg 
f a i  lU ( f a i  l -unknown) f o r  unde f ined  f i t t e r s  and f a i  l F  ( f a i  l - f a1  se) f o r  
f i t p e r s  wh ich  as L i S P  f u n c t i o n s  would r e t u r n  F. 

The concepts o f  PLANNERlike p a t t e r n  match ing and L l S P l i k e  f u n c t i o n s  have 
c r y s t a l l i z e d  as two o f  t h e  most impor tan t  AI language concepts.  These 
concepts have been separated up t o  now o r ,  as Hewi t t  pu t  i t (Hewi t t 1977) , 
t h e  bad r e a d a b i l i t y  o f  LISP i s  n o t  due t o  i t s  l a c k  o f  i t e r a t i o n  bu t  t o  
i t s  l a c k  o f  p a t t e r n  match ing,  S ince a  s imp le  n i x t u r e  o f  LlSP and a  PLAN- 
NERl ike language as eg done i n  QLiSP (Wi lbe r  1976) i s  no s a t i s f a c t o r y  so- 
l u t i o n  (see P 2 1 ,  i n  F I T  we have completeBy i n t e g r a t e d  these concepts by 
means o f  a  g e n e r a l i z i n g  u n i f i c a t i o n  o f  p a t t e r n s  and f u n c t i o n s  t o  f i t t e r s ,  

I n  many programming languages types a r e  used - i n  form o f  mandatory v a r i a -  
b l e  d e c l a r a t i o n s  - f o r  comp i le - t ime checks, which i n  case o f  v i o l a t i o n s  
y i e l d  unrecoverab le  e r r o r s  and a r e  comp le te ly  separated f rom p r e d i c a t e  
f u n c t i o n s ,  I n  F I T  typed v a r i a b l e s  can be used - i n  form o f  o p t i o n a l  d e f i -  
n i t i o n s  - f o r  dynamic r un - t ime  checks, so t h a t  v i o l a t i o n s  l i k e  f a l s e  p re -  
d i c a t e s  y i e l d  f a i l F  usab le  as c o n t r o l  s t r u c t u r e s  t o  d i r e c t  t h e  computa- 
t i o n .  Typed v a r i a b l e s  and p r e d i c a t e s  o n l y d i f f e r  i n  a  7 - p r e f i x , w h i c h i s  an- 
o t h e r  p a r t  o f  F I T a s  c e n t r a l  u n i f i c a t i o n  o f  p a t t e r n s ,  f u n c t i o n s ,  and v a r i a -  
b l es  t o  f i t t e r s ,  

i n  F I T  n o t  j u s t  atoms bu t  a r b i t r a r i l y  complex express ions - p o s s i b l y  con- 
t a i n i n g  v a r i a b l e s  - a re  a l lowed as (complex) v a r i a b l e s ,  



I n  o t h e r  programming languages (even i ns i de L I SP % EEVAL) t h e  ope ra t i ons  
o f  i ook ing-up  t h e  va lue  o f  a  v a r i a b l e  and o f  computing t h e  v a l u e  o f  a  
f u n c t i o n  a p p l i c a t i o n  a r e  s t r i c t l y  d i s t i n g u i s h e d ,  F I T  however u n i f i e s  b o t h  
concepts t o  t h e  v a l u a t i o n  concept,  by r ega rd i ng  a  f h n c t i a n  a p p l i c a t i o n  
computat ion as l i t t l e  more than repeated look-ups o f  complex v a r i a b l e s '  
va lues .  F I T  computat ions the reby  g e t  c l o s e  t o  format systems-derivations 
(Salornaa 1973) , espec ia l  l y produc t  i o n  systens"Davi s  E King  1975) . 
I n  a  sense t h e  o n l y  programming a c t i v i t y  i n  F I T  c o n s i s t s  i n  ass i gn ing  
va lues t o  v a r i a b l e s  (which a r e  no rma l l y  viewed as d a t a ) ,  so t h a t  F I T  may 
be regarded as a  d e c l a r a t i v e  r a t h e r  than a p rocedura l  r ep resen ta t i on - l an -  
guage ( ~ o l  ey 3 976). 

12: Nan -de te rm in i s t i c  v a r i a b l e s  

Assignments t o  n o n - d e t e r m i n i s t i c  v a r i a b l e s  (marked by a  V p r e f i x )  con- 
se rve  t h e i r  p o s s i b l e  former va lues .  The v a l u a t i o n  o f  such v a r i a b l e s  be- 
comes n o n - d e t e r m i n i s t i c ,  i e  one o f  i t s  va lues which i n  t he  sequel doesn ' t  
lead t o  a  f a i l U  i s  f i n a l l y  taken,  

PLANNER1 i ke 1 anguages add p a t t e r n - d i  r ec ted  f u n c t i o n  i n v o c a t i o n  ( I t o  i n -  
voke a  f u n c t i o n  s p e c i f y  i t s  i n v o c a t i o n  p a t t e r n ' )  t o  name-directed func-  
t i o n  i n v o c a t i o n  ( ' t o  invoke a  f u n c t i o n  s p e c i f y  i t s  name toge the r  w i t h  
p o s s i b l e  arguments 9 j. I n  F I T  however bo th  o r d i n a r y  ( p r e d i c a t e )  f u n c t i o n s  
and consequent theorems a r e  d e f i n e d  by ass i gn ing  bodies t o  complex (pos- 
s i b l y  n o n - d e t e r m i n i s t i c )  v a r i a b l e s  which can be viewed bo th  as f u n c t i o n  
a p p l i c a t i o n  forms and as i n v o c a t i o n  p a t t e r n s ,  Ins tances o f  these com- 
p l e x  v a r i a b l e s  can be viewed t h e r e f o r e  bo th  as name-directed and as p a t -  
t e r n - d i r e c t e d  i nvoca t i ons  o f  t h e i r  body v a l u e s -  E x p l i c i t  GOAL statements 
become super f luous  t h i s  way and o n l y  anonymous f u n c t i o n s  need LAMBDAS, 
Sin,ce name-directedness i s  used i n  o r d i n a r y  computat jon and p a t t e r n - d i r e c -  
tedness i s  used i n  deduc t ian , the  above i s  a l s o  t h e  way F I T  u n i f i e s  cornpu- 
t a t i o n  and deduc t ion  t o  v a l u a t i o n ,  

13:  D i s t r i b u t e d  f i t t e r  d e f i n i t i o n s  

A f i t t e r  i n  F I T  may be de f i ned  i n  a d i s t r - i b u t e d  manner l i k e  a  se t  o f  r e -  
c u r s i o n  equa t ions ,  because t h e  v a l u a t i o n  r u l e  'use s p e c i f i c  knowledge 
f i r s t 8  guarantees t h a t  t he  c o r r e c t  p a r t  o f  such a d e f i n i t i o n  i s  always 
used, D i s t r i b u t a b i l i t y  o f  d e f i n i t i o n s  has t h e  f o l l o w i n g  advantages: add i -  
t i v i t y  ( incomple te  f i t t e r s  work and may be r e f i n e d ) ,  m o d u l a r i t y  as i n  
p roduc t i on  systems, au tomat i c  hand l i ng  o f  excep t ions  i n  t he  ""generaliza- 
t i o n  h i e r a r c h y ' '  ( ~ o b r o w  Ekdinograd 1977), speed ga ins  " c ru  ( redundant )  ex- 
p l i c i t  d e f i n i t i o n  p a r t s  f o r  f r equen t  cases, s i m p l i f i c a t i o n  o f  c e r t a i n  
Func t ion  d e f i n i t i o n s  beg t h e  CON5 o f  a  L l S P  F a c t o r i a l  d e f i n i t i o n  becomes 
imp1 ici  t )  , non-procedura l  i ey (you can say what 2 i ns tead  o f  how ' s ) ,  

Whi le  i n  PLANNERlike languages t h e  da ta  base i s  d i v i d e d  i n t o  a da ta  baseof  
asse r t  ions ( p r o p o s i t i o n s )  and a  da ta  base o f  theorems ( r u l e s ) ,  i n  FBT as- 
s e r t i o n s  a r e  t r i v i a l  (namely c o n s t a n t l y  t r u e )  p a r t s  o f  d i s t r i b u t e d  p r e d i -  
ca te  f u n c t i o n  d e f i n i t i o n s ,  i e  they s imp ly  a r e  spec ia l  consequent theorems, 
so t h a t  we have one i n t e g r a t e d  da ta  baseand F I T  i s  a  r u f e / p r o p o s i t i o n  i n -  
t e g r a t i n g  represen ta t ion - language  (Boiey B976), 

14: Demon v a r i a b l e s  

Demon v a r i a b l e s  (marked by a  W p r e f i x )  l i k e  n o n - d e t e r m i n i s t i c  ones con- 
se rve  p o s s i b l e  former va lues,  bu t  on v a l u a t i o n  t h e  s i d e - e f f e c t s  o f  a l l  



t h e i r v a l u e s a r e  caken,which i s  what w e  need f o r  t h e  d e f i n i t i o n  o f  demons. 

IS:  On -- -- d  and mai l~-eyzd .-- demons 

FIT regards one-eyed demons as demon v a r i a b l e s  assigned t o  bodies.  A l l  
one-eyed demons whose v a r l a b i e  matches some ins tance  a r e  invoked when 
t h i s  ins tance  ;s used and y i e l d  s i d e - * e f f e c t s ,  I n  many-eyed demons many 
demon v a r i a b l e s  a r e  assigned t o  a  common body, They a r e  invoked o n l y  
a f t e r  a l  1 t h e i r  v a r i a b l e s  ( ' eyes  2 have matched ( ' seen  ' f  an ins tance .  

For o b j e c t s  be longing t o  more than one superset  we have t o  a l l o w  v a r i a -  
b l es  t o  be typed more than once, where a l  B t he  type r e s t r i c t i o n s  have t o  
be f u I f i l l e d  c o n j u n c t i v e l y .  Such types a r e  de f i ned  as one-eyed demons and 
n o t  as o r d i n a r y  p r e d i c a t e  f u n c t i o n s .  

Whi le  t he  p rev ious  types a l l  correspond t o  unary p red i ca tes  over  v a r i a -  
b l e s ,  F1T a l s o  a l l ows  gene ra l i zed  types corresponding t o  n -a ry  p red i ca tes  
ensur ing  t h a t  a r b i t r a r y  n -a ry  r e l a t i o n s h i p s  always have t o  be f u l f i l l e d  
between n  v a r i a b l e s t  They a r e  de f i ned  as many-eyed demons, 

~ 4 :  Antecedent theorems as demons 

Ord inary  antecedent theorems i n  FIT become spec ia l  one-eyed demons i n -  
voked by a s s e r t i o n  ins tances t o  make o t h e r  asse r t i ons ,  Genera l ized an te -  
cedenr theorems need many asse r t i ons  f o r  i n v o c a t i o n  and a r e  de f i ned  ana- 
logous ly  by means o f  many-eyed demons. 

FITMENTS AS UNlFlCATlON OF APPLICATIONS, MATCHES, AND ASSIGNMENTS 

A 1 1  FIT express ions a r e  atoms as i n  LISP o r  f i t m e n t s  as shown i n  F i g , l ,  

F P T q E N  F i t s  FITTERS to F ITTEES (FR? .. F R ~  FEq .. FEn) 

f o r  m=l : (FR FE1 . . F E ~ )  
g e n e r a l i z i n g  g e n e r a l i z i n g  u n i f i c a t i o n  t 

A P ~ L I ~ - $ I Q N  appl  i es  Fu,MeTIOw t o  ARGUMENTS (FUPJGTION ARG? . . A R G ~ )  
WTCH matches PATTERN t o  INSTANCE ( P / ~ A ~ G H P A T T . G R N  INSTANCE) 
A S S I G ~ ~  assigns VARIABLE t o  VAI.UE ( S ~ Q  VARIABLE VALUE ) 

(a)  Verba l  d e s c r i p t i o n  (b) Syntax 
F i g , ' / ,  F i tments  as g e n e r a l i z i n g  u n i f i c a t i o n s .  

For example t h e  A p p ~ ~ m v ~ m  (sQRT 9) * 3 , where '=;."denotes t he  ' y i e l d s '  
r e l a t i o n ,  " t h e  I ~ T ~ H  ( M T ~ H  ''(A :Y aai " ' (A 9 B ) )  =4 T, <'d =+ 9:. <Z * B,  o r  
i n  FIT ( " (A  ?Y 2 Z )  "(A 9 B ) )  =;. (A 9 8 1 ,  <Y =p 9, <Z * B8,  where 8 r r l  i s  t h e  
quote p r e f i x ,  ' P  s p e c i f i e s  t h a t  one va lue  i s  t o  be shoved i n t o  a v a r i a -  
b l e ,  whereas s p e c i f i e s  va lues t o  be p u l l e d  o u t  o f  a  v a r i a b l e  (Winston 
7 977) , and t he  $ISSIGWm ( S ~ Q  z "8) , o r  i n F I T ( 2 2  B)  , where we e x p l o i  t 
F I T ' S  inverse  quote node f o r  atoms, can be u n i f i e d  t o  t h e  F I TM E NT 
( '"A SQRT Z )  "(A 9 B ) )  * (A 3 B ) )  <Z * B w  
Note t h a t  t he  p a t t e r n  (A ? Y  22)  accepts  t h e  same s e t  o f  l i s t s  as t h e  FIT 
p r e d i c a w  f u n c t i o n  (?" (ATRI  PLE ?L )  "(AND J E Q  (CAR 4 )  A) (MULL (GDDDR 1). 
S i m i l a r l y  t h e  genera l  f i t t e r  (A SQRT 22) r e t u r n s  t h e  same va lues as t he  
general  f u n c t i o n  (? '~ASQRTTRI QLE ?ATR I P I E )  "(L 1 ST A (SQRT (CADR .<ATRI PLEJ) 
(GADDR KATRIPLE))), where ?ATRIPLE i s  a  typed v a r i a b l e  which can on1 y  be 
bound t o  ATRI PLE l i s t s  : (?WTRI PLE " ( C  9 B) j * f a  i IF  bu t  (7ATRl PLE "(A 9 B)) 
* (A 81, <ATRIPLE=;. (A 9 B), s ince  F I T ' S  typed v a r i a b l e s  and p red i ca tes  
r ep lace  T  r e s u l t s  by t h e i r  f i t t e e s ,  here by (A 9 B ) ,  S i m i l a r l y  we a l l o w  
(?ASQRTTR t PLE "(A 9 B ) )  * (A 3 B) , <ASQRTTRI PLE =+ (A 9 B) , where we use 



t h e  genera l  f u n c t i o n  ASQRTTRlPLE as a "computing v a r i a b l e '  TASQRTTRfPLE, 
F i g * 2  re !a tes  t h e  above examples by means o f  a " s i m i l a r i t y  n e t w r k ' "  
(Winston 1377) o f  t h e  more d e t a i  Y ed subconcepts ( exc l ud ing  cons tan ts )  
which w e  u n i f i e d  t o  t h e  f i t t e r  concept,  

(A SQRT ? Z )  ASQRTTRlPLE 2ASQRTTd t PLE 
a l  f i t t e r s - g e n e r a l  functions--comp t i n g  v a r i a b l e s  

I undef ined ? X  
v a r i a b l e s  

p a t t e r n s  p r e d i c a t e  funct ions-type 
( A  ?Y  1 Z )  ATW I PLE 2ATR I PLE 

F i g , 2 ,  S i m i l a r i t y  network r e l a t i n g  f i t t e r  subconcepts. 

Whi le  t he  above example f i t m e n t s  ha;e t h e  form (FR F E J ,  t he  f i t m e n t s  
(PLUS 5 9) * 14 and (>x 7 B A) * 7 B A ,  <X * 7 B A have t h e  form (FR FEq 
.. FEPI). Note t h a t  ' > '  i s  l i k e  ' ? @ b u t  shoves a r b i t r a r i l y  many va lues ,  
The f i  t nen t s  (CDR PLUS - "(A B G )  5 9 )  ;=a ( B  C) 44 and (7 >X 7 B A)  * - 
7 B A, <X =% B A have t h e  genera l  form ( F R T  .. FRm - FE3 .. FEn). 

VALUATION FROM LOOK-UP TO COMPUTATION 

We now exempl i f y  U3 by g r a d u a l l y  proceeding f rom look-up o f  atomic v a r i a -  
b l e s ' v a l u e s  t o  computat ion o f  f u n c t i o n  a p p l i c a t i o n s ,  
The f i t t e r  o f  the  f i t m e n t  i n  F i g . j ( a )  i s  an atomic  v a r i a b l e  SSQUAREIGHT, 
whereas the  f i t t e r  o f  ~ i g . 3 ( @ )  i s  a complex v a r i a b l e  >''(SQUARE 8).. F ig .3  
(a) looks-up t h e  va lue  o f  t h e  atom,(b) analogous ly  the  va lue  o f  t h e  f i t -  
rnent, The complex v a r i a b l e  >"(SQUARE 7x1 o f  F i g , 3 ( y ]  i t s e l f  con ta ins  t he  
v a r i a b l e  1X,  which ' pa rame t r i zes '  t h e  assignment ( y ) .  We can ( i n d i r e c t l y )  
p u l l  t h e  va lues o f  a l l  i ns tances  o f  (SQUARE ?XI, which a r e  t h e  correspon- 
d i n g  i n s t a n t i a t i o n s  o f  (TIRES <X C X ) ,  as exemp l i f i ed  by ~ i g , 3 ( c ) ,  S ince 
p u l l  p r e f i x e s  rnay'be nested and (T IMES 9 3) may be regarded as a ' p r i m i -  
t i v e  v a r i a b l e '  preassigned t o  81, ( y )  a l s o  pe rm i t s  ( d l .  F i n a l l y ,  s i nce  
f o r , f i t m e n t s  w i t h o u t  p u l l  and quote p r e f i x e s  as many p u l l s  as necessary 
f o r  o b t a i n i n g  a cons tan t  a r e  assumed, (Y) pe rm i t s  (ef . O f  course ( e )  i s  
no rma l l y  viewed as t he  computat ion o f  a one-argument f u n c t i o n  SQUARE ap- 
p l i e d  t o  t h e  ac tua l  argument 9 ,  though i t  was developed from the  c l e a r  
look-up example ( a ) ,  
There fo re  we regard  (a) t o  (e) as v a r i e t i e s  o f  t he  s i n g l e  concept o f  va- 
l u a t i o n ,  As shown i n  F i g ,3  t h i s  concept con ta i ns  f o u r  subconcepts, c re -  
a ted by t h e  o r thogona l  d f r e c t / i n d i r e c r  and f i xed-dep th fun f i xed-dep th  d i -  
mens ions e 

d i r e c t  d i r e c t  i n d i  r e c t  
(a tom) ( f  i trnent) ( f  i tment) 

d e f i n i t i o n  

v a l u a t i o n  

F i g e 3 ,  D i r e c t l i n d i r e c t  and f i xed -dep th l un f i xed -dep th  v a l u a t i o n  examples, 

COMPAP* .,ON OF QUARTERABLENESS AND t3UMANMESS 

i n  a FiANNERlike language a 'mathematical  predicateqQUARPERABLE would be 



de f i ned  l i k e  a LISP p r e d i c a t e  w i t h  t h e  ke rne l  (DE QUARTERABLE ( x )  (DIVI -  
DABLE X 4) ) and i nvoked name-d i rec ted  l y , eg by (QUARTER~BLE 12) - T,  bu t  
a q o g i e a %  p r e d i c a t e '  HUMAN would be de f i ned  l i k e  a consequent theorem 
w i t h  t h e  ke rne l  (GORSE HUMANPROVER ( x )  (HUMAN ? x )  (GOAL (MEDITATE <X <x)))  
and i n v o k e d  p a t t e r n - d i r e c t e d l y ,  eg by (GOAL (HUMAN TURING)) * (HUMAN 
TURING). I n  F IT  however these ke rne l s  a r e  de f i ned  - see F i g s . 4 , 5 ( h )  - and 
invoked - see F i g s e 6 , 7 j h )  - i n  a u n i f i e d  hay ( c f  U4), 
To deepen t h i s  un i  f i cae ian  we show how b o t h  ke rne l s  can be r e f i n e d  ( c f  13) 
i n  a comp le te ly  p a r a l l e l  manner, 

(QUARTERABLE 4) T )  ( d l  ( > L I J ~ ~ ~ ~ ~  JESUS) T) 
( s f '  (QUARTERABLE 7 0) F) (e) (>l'(HUr;iAH SHRDLU) F) 
(>'"QUARTERABLE P F  I RSTSEVEN) F)  i f )  (>"(HUMAN ?GOD) ~f 
(>" "(QUARTERABLE ? E  I GHTD B V I DABLE) T) (g)  (9' (HUMAN ?POPE) T )  
(>" (QUARTERABLE ? x )  " ' (D I V  I DABLE <X 2 ) )  jh) (>'I(HUMAN ? x )  JMED I TATE <X <XI) 
(v" (QUARTE RABLE ? x )  ( V I ~ H U M A N  ? X  ) 

" (ZEROZEROSUFF l x ( B  I NARY <x)) ) ' "(FEATHERLESS (BIPED <x)) ) 
(vII (QUARTERABLE ? x )  Jv" "(UMAN ?x )  

" (AND (EVEN <XI (EVEN (HALF < x ) )  (j) "(AND (HUMAN (FATHEROF <XI) 

D i s t r i b u t e d  d e f i n i t i o n  o f  
(HUMAN (MOTHEROF <XI) )) 

F i g *  4., the  QtlARTERABLE p r e d i c a t e <  F i g . 5 .  D i s t r i b u t e d  HUMANdef in i t ion.  

(QUARTERABLE . a)*(? I NTEGER .8)* fa i 1 F (a) (HUMAN F B  I )*(?MAMMAL FB I )+fa i l F 
(QUARTERABLE 5) (HUMAN CYCLOPS) 

~3 (DIVIDABLE 5 2 )  =$ f a i l F  (b'  * (SHORTER CYCLOPS 150cm) ==a f a  i 1 F 
(QUARTERABLE 2)  (HUMAN EARTH) 

@ iGREATERP 2 3 )  * f a i  I F  * (L I GHTER EARTH 5CCkg) * f a  i l F 

(QUARTERABLE 4) =4 4 (d) (HUMAN JESUS) * JESUS 
(QUARTERABLE ! 0)  * f a  i l F ( e )  (HUMAN SHRDLU) * f a  i l F 
(QUARTERABLE 6 )  -r f a  i I F  ( f )  (HUMAN HOLYGHOST) =+ f a i  l F  
(QUARTERABLE 8)  * 8 (g) (HUMAN PAULV I ) * PAULV l 
(QUARTERABLE 12)  (HUMAN PUR l NG 1 

=++ (DIVIDABLE 12 4 j  - 12 (h) * (MED I TATE TUR I NG TUR I NG) ~ T U R  I NG 

(QUARTERABLE 56) (HUMAN ADAM) 
=a (DIVBDABLE 56 4) * f a i i U  ( i ) * (MED I TATE ADAM ADAM) * f a  i l U 

(ZEROZEROPOSTFI x LLLOQO) -r 56 =a (FEATHERLESS ADAM) .=b ADAM 
(QUARTERABLE 1984) (HUMAN CA I ME) 
* (DIVIDABLE 1984 4) * f a i l U  * ( M E D ~ T A T E  CAtNE GAINE) =a f a i l U  
9 (ZEROZEROPOSTF I X L L L ~ ~ 0 0 0 0 0 ) . r f a  i i U  ('I -r (FEATHERLESS C A I  HE)  * fa i 1U 
=a (AND (EVEN 1984) (EVEN 392) ) * 4 984 * (AND (HUHAN ADAM) (HUMAN EVE) )  

.=. CAlNE 
F ig .6 ,  QUARTERABLE v a l u a t i o n ,  F i g - 7 .  HUMAN v a l u a t i o n .  

a r i a b l e s )  

We f i r s t  add F i g , b ( g ) ,  say ing  t h a t  numbers d i v i d a b l e  by e i g h t  a r e  q u a r t e r -  
ab l esand  F i g C 5 ( g ) ,  say ing t h a t  popes a r e  human; no te  t h a t  these may be re -  
garded as abb rev i a t i ons  o f  (>" (QUARTERABLE 7x1 "(EIGHTDIVI DABLE <XI) and 
(>'"HUMAN ?X) '"(POPE <x)) respec"cve1 y .  S i m i  l a r l y  F i g s C 4 , 5 ( f )  say t h a t  
t h e  f i r s t  seven i n t ege rs  a r e  n o t  q t l a r t e rab le  and  gods a r e  n o t  human, H o w -  
e v e r ,  s i n c e  t h i s  i s  no t  q u i t e  t r u e ,  we add F igse4 ,5 (d )  t o  cover t h e  ex- 
ception-FIRSTSEVEN '4' and t h e  exception-GOD Qesus; which are q u a r t e r a b l e  
and human r e s p e c t i v e l y ,  F igs.4 ,5(e)  say obv ious s p e c i f i c  nega t i ve  t h i ngs ,  



Definition assignments to non-deterministic variables (v-variables) 

For other rules w i  th the general premises (QUARTERABLE ? x )  and (HUMAM 7x1 
of the kernel rules Fig,id(b) and ~ig.5(h) w e  use V %  (cf 12) .  Eg Fig.id(i) 
looks for a suffix of two zeros in the binary form of <X and Fig.5(i) at- 
tempts to prove that <X is a featherless biped; note that simple ANDs be- 
come implicit in fitter compositions, The rules Flgs,4,~(j) are simiiar. 

s to demon variables (w-variables) 

[ n  addition w e  can type QUARTERABLE to fit integers only and HUMAN to 
Fit mammals only, using the demon definitions Fig.4ta) and ~ i g * 5 ( a )  res- 
pectively (cf 14). Other types for QUARTERABLEiHUMAN are FigsS4,5(b), en- 
suring that the fittee i s  dividable by 2/shorter than 350cm, and Figs.4,S 
(c), ensuring similar things, 

THE FlTMENT VALUATION HIERARCHY 

though the order in which definition assigments are mzde i s  immaterial , 
In Figs,4-7 w e  use an order reflecting the fitment valuation hierarchy, 
which is the heart of the F I T  valuator VAL: 
First for each fitment all matching W-definitions are taken and their bo- 
dies are valuated for side-effects, where a single failF makes the whole 
fi tment fai I F ,  as shown in Figs,6,7(a)-(c), 
Then the most direct (specific) matching >-definition, whose valuation 
doesn't yield failU, is taken as in Figs.6,~jd)-(h). E g  the definition 
F i g ,  5 j d ) ,  ?hose variable (HUMAN JESUS) contains constants on1 y ,  is more 
di rect than Fig-S(f), whose variable (HUMAN ?GOD) contains a typed varia- 
ble 7600, which itself is more direct than F"ig,5(h), whose variable (HU- 
MAN ? X I  contains the untyped variable ? X ,  Therefore the fi tment (HUMAN 
JESUS) of Fig.7(d), for which there are the above three matching defini- 
tions, uses ~ i g . ~ ( d ) ,  which is the most direct one of these. 
Only when all >-definitions failU, ane of the most direct matching V-de- 
finitlons, noc yielding failU, is taken as in Figs+b,:(i),(j), Eg if Adam 
as in Fig,7(i) is assumed not to meditate about himself, then w e  may use 
Fiy.5(i) to verify his humanness via (FEATHERLESS (BIPED ADAM)) * 
(FEATHERLESS ADAM) =s ADAM; note that w e  could have tried ~ig.5(j) first, 
which is squally direct,but would have failUed i f  Adam is assumed to be 
motherless, 
To understand Figs,6,1 completely note that the faiiU's indicate informa- 
tion w e  assume the date base to lack, the relevant definitions used by 
Figs.6,7 have a corresponding letter in Figs,4,5 (additionally Figs.4,5 
( a ) - ( c )  are used in the "udderground' of Figs,6,7(d)-(j)), and the atom F 
on valuation yields a failF. 
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"A p l a y e r  should be caut ioned about  dangerous behaviourv9: 

Int soduct  ion  

The ideas  presen ted  i n  t h i s  emasculated no t e  de r ive  fron t h e  
a u t h o r ' s  experience on a  p r o j e c t ,  ex t ens ive ly  r epo r t ed  a t  t h e  l a s t  
A I S B  conference t o  develop a  program capable  of read ing  handpr in ted  
For t ran  coding s h e e t s  ( s e e  Brady and IJ ie l inga 1979 for a f u l l e r  accol int) ,  
The For t ran  coding s h e e t s  p r o j e c t  (FCSP) was o r i g i n a l l y  based on t h r e e  
i deas :  t h e  a c t i v e  deployment o f  knowledge t o  guide t h e  p e r c e ~ t i o n  
p races s ,  t h e  e x p l o i t a t i o n  o f  redundancy which i s  seemingly ever-present  
i n  r e a l  pe rcep t ion ,  and " c h e  "heterarchy conjec ture"  , 

I n  t h e  yea r s  l ead ing  up t o  t h e  p r o j e c t ,  a  n u m e r  o f  workers cad 
emphasised t h e  need f o r  programs capable  o f  h igh ly  f l e x i b l e  behaviour ,  
s e i z i n g  upon what was known, a s  and when it became a v a i l a b l e ,  Vinsky 
and Papert  conjec tured  (we c a l l  it t h e  '?heterarchyv' con jec tu re  t h a t  
such f l e x i b i l i t y  is b e s t  provided i n  computer s c i ence  by process  i n t e r -  
a c t i o n s ,  and t h a t  it i s  necessary  t o  l i b e r a t e  such process  i n t e r a c t i o n s  
from t h e  a?es t r i c t i ons  imposed by t h e  LISP ( o r  Algol-bO) e v a l u a t o r ,  where 
p m c e s s  r eco rds  a r e  a l l o c a t e d  (and au toma t i ca l l y  d e a l l o c a t e d l  on a  s t a c k ,  
This  led t o  a  number o f  experiments with c o n t r o l  s t r u c t u r e s ,  such a s  
p a t t e r n  i nvoca t ion ,  coprocess ing  and s o  on. The FCSF was thouqht of a s  
being such an experiment,  a  view which p reva i l ed  u n t i l  t h e  Edinburgh 
conference , 

This  paper  begins  t o  i s o l a t e  some o f  t h e  t r a p s  which await  t h e  
h e t e r a r c h i c a l  programmer, I t  cau t ions  a g a i n s t  a l lowing  c o n t r o l  t o  
dominate semantic  i s s u e s ,  and sugges t s  t h a t  t h e  he te ra rchy  con jec tu re  
ldads  t o  a  pe r spec t ive  o f  computer v i s ion  a s  just another  kind of prob- 
l e m  s o l v i n g ,  I n  f a c t ,  computer v i s ion  f i rs t  needs t o  develop b e t t e r  
computat ional  models o f  v i s u a l  phenomna such a s  occ lus ion ,  t r a n s -  

__IL__I__ 

parency, motion, a s  w e l l  a s  m d e l s  o f  space  a d  three-dimensional  o b j e c t s ,  
We presuppose a  d e t a i l e d  knowledge o f  t h e  FCSP CBrady 1978, Brady and  
WieLinga 1979 1 , 

2 ,  Dangerous behaviour ( a  e c u r s i a n  l i n e )  

This  s e c t i o n  c o n s i s t s  of  a l i s t  of t h e  t r a p s  which await  t h e  unwaqJ 
h e t e r a r c h i c a l  programmer; most have ensnared t h e  FCSP. We r e c a l l  t h a t  
t h e  claims f o r  he te ra rchq  were based upon t h e  observa t ion  t h a t  A I  programs 
need t o  be capable  o f  f l e x i b l e  behaviour ,  which i s  dynamically determined, 
and a s s e r t e d  t'mt such f l e x i b i l i t y  i s  b e s t  a f forded  by c o n t r o l  s t r u c t u r e s  
and process  i n t e r a c t i o n s ,  I t  should be c l e a r l y  understood t h a t  t he  argu- 
ment f o r  f l e x i b i l i t y  i s  taken  a s  read ;  it is t h e  claims about process  
potency which a r e  being examined h e r e ,  We r e t u r n  t o  t h i s  p o i n t  i n  s e c t i o n  
3 ,  

( 1 )  Computer s c i ence  h a s h  f a c t  a verg~ l i m i t e d  s tock  a f  b a s i c  c o n t r o l  
s t r u c t u r e s  o t h e r  t han  those  provided i n  LISP o r  Algol-60, S y s t e m  such 
a s  Conniver e s s e n t i a l l y  a d d i t i o n a l l y  p m v i d e  caprocesses  and i f  added 
methods, The former a r e  w e l l  s u i t e d  t o  desc r ib ing  genuinely c o e x i s t i n g  
processes ,  while i f  added methods n e a t l y  m d e l  an a b i l i t y  t o  resrond t o  
i n f r equen t  even t s ,  such a s  s l a t e s  f a l l i n g  o f f  m o f s  while  walking, and 
s i t u a t i o n - a c t i o n  mles, A consequence of t h i s  l i m i t e d  s tock  i s  t h a t  it 
3- 
#* Advice given by t h e  PootaSI l  Assoc ia t icn  t o  B r i t i s h  socce r  r e f e r e e s ,  



i s  extremely d i f f i c u l t  t o  c o n s t r u c t  t h e  r i c h  behaviours n a t u r a l l y  
c a l l e d  f o r  a f t e r  cons ide ra t i on  o f  t h e  donlain, The SCSP junction cam- 
p u t a t i o n s  (Brady 19796 are an emmple o f  t h i s ,  I n  such ca se s ,  t h e  power 
of p rocess  i n t e r a c t i o n s  i s  l a r g e l y  i l l u s o r y *  

( 2 )  Sus smn  and McDerynatt 814721 have poin ted  ou t  t h a t  t h e  s e t  of 
c o n t r o l  and d a t a  s t r u c t u r e s  o f f e r ed  i n  a p r o g r a m ~ n g  language s i g n i f i -  
c a n t l y  i n f luence  problem s o l v i n g  based on t h a t  I a g u a g e ,  I n  p a r t i c u l a r > ,  
t h e  p r o g r a m i n g  language i t s e l f ,  r a t h e r  than  semantic  cons ide ra t i ons  of  
t h e  domain under i n v e s t i g a t i o n ,  can a l l  t o o  e a s i l y  impose g l o b a l  
o rgan i sa t i on  on a  program, I n  t h F s  way, g loba l  o rgan i sa t i on  is  
e s s e n t i a l l y  d e t e m i n e d  i n  advance by t h e  choice  o f  language and may wel l  
be wholly i n a p p r o p r i a t e ,  e s p e c i a l l y  given t h e  l i m i t e d  s tock  of ~ a s i c  
c o n t r o l  s t r u c t u r e s  m f e r r e d  t o  above, Examples o f  t h i s  problem abouno 
Li-i t h e  TGSP: i t s  overall .  o r g a n i s a t  ion a s  i n r e r a c t i n g  characteer and 
Fortran "experss", and t h e  use of  a Conniver-like system i n  both t h e  
reasoner  and an i n i t  5 a l  ve r s ion  o f  t h e  c h a r a c t e r  system. 

( 3 )  The d i f f i c u l t y  o f  c o n s t r u c t  ing  r i c h  semant ica l ly -appropr ia te  
aehaviours  by a program i s  d i r e c t l y  r e f l e c t e d  i n  t n e  d i f f i c u l t y  of 
spec i fy ing  such sehaviour ,  I t  i s  o f t en  no t  p o s s i b l e  t o  s t a t e  i n  advance 
p r e c i s e  behavioura l  goa ls  f o r  a program, The FCSP was c a r e f u l  never t o  
do so l  General ly ,  one has  t o  r e l y  on s u b j e c t i v e  judgement a s  t o  whether 
a  program i s  behaving sensibly, I t  has been argued "cat a  d e f i n i t i o n  
o f  a  progeramgs beihaviour i s  embodied wi th in  t h e  program; bu t  a  p r~g ra rn -  
mer u s u a l l y  has a t  any s t a g e  a  c l e a r  i d e a  of w h a t  he i s  t r y i n g  t o  
achieve (even i f  h i s  i deas  c -hnge  over t i m e ) ,  The p o i n t  i s  t h a t  he is 
incapable  of a r t i c u l a t  ing  them p r e c i s e l y  o t h e r  t han  by x r i t i n g  a  program, 
This  l e a d s  t o  " c e  n e x t p o i n t :  

(4.1 In t h e  absence o i  a u s e f u l  formal semantics  f o r  goa l -or ien ted  non- 
s e q u e n t i a l  systems, it i s  impossible t o  ana lyse  o r  p r e d i c t  t h e  Sehaviour 
o f  such a  program, Programs such as t h e  FCSP t y p i c a l l y  work i n t e r e s t i n g l y  
on a  number o f  examples ( t h e  ones v r i t t e n  up i n  papers : )  bu t  loop 
i n f i n i t e l y  o r  c o l l a p s e  ~mceremoniously on o t h e r s ,  A t  t h e  Edinbureh con- 
ference,  the  p r o j e c t  team gave a  lectram which s imula ted  copmcess  
bebaviour of t h e  e n t i r e  system, The t r l a l s  w e  conducred were i n i t i a l l y  
very encouraging,  and it was c l e a r  t h a t  under c e r t a i n  c i rcumstances t h e  
d i f f e r e n t  knowledge sources  would he lp  each o t h e r ,  and t h a t  t h e  FCSF 
would converge upon an i n t e r p r e t a t i o n  of  a  l i n e  t h a t  would not  have been 
i n t e r p r e t a b l e  by any of  t h e  subsystems, To t h a t  e x t e n t ,  t h e  FCSP 
completely f u l f i l l e d  oup o r i g i n a l  p ~ e d i c t i a n s ,  I t  was, however, extremely 
d i f f i c u l t  t o  p r e c i s e l y  c b a r a c t e r i s e  t h e  circlsmstances under which t h e  
system would o r  would no t  converge t o  an o v e r a l l  i n t e r 2 r e t a t i o n e  i n  t he  
ca se s  t h a t  it would n o t ,  it was hard ts s e e  why it would n o t ,  En the 
cases  t h a t  i t  would, it was hard t o  s e e  exactby what  nowl ledge was 
c r u c i a l  o r  how it was usea ,  In short, i t  was very d i f f i c u l t  t o  p r e c i s e l y  
ana lyse  o r  2redic-L t h e  program's behaviour ,  The scope of a  progran i s  
usua l ly  very  f a r  f r o n  c l e a r ,  To t h e  a u t h o r ' s  knowledge na proof of 
t e rmina t ion  has  aeen given f o r  any h e t e r a r c h i c a l  program f o r  t hose  
examples wi th in  i t s  scope,  If A r t i f i c i a l  I n t e l l i g e n c e  is t o  be "caiceai 
s e r i o u s l y  a s  a science, it should s u r e l y  be concerned with 'nucn p i ~ c i s c  
a n a l y s i  s , 

( 5  1 P lac ing  such a s t r o n g  e ~ i p n a s i s  on can"coi s t r u c  izilr*es I n ev i  t i i . i j r  

seduces a pmgrammer i n t o  ac ixevinp  t h a t  t h e  way t o  r e p a i r  t n e  &serves 
d e f i c i e n c i e s  o f  zi program Is by more of t h e  s a n e ,  In f a c t ,  sut-" 
a e f i z i e n c i e s  u s u a l l y  painr t o  inadequdte  t $ e o r f e s ,  semantics  ( 



r e p r e s e n t a t i o n s  . The s e p e n t e i -  and jr.lnct ion comput 3 t  i o n s  i n  The i i . ' iP 
exempl i f  y t h i s  problem, a s  does h a l e r ' s  i 13771 r e l i a n c e  on c o 2 r o c e s s e s  
t o  ove17corne a h i g h l y  l ~ l a d e q u a t e  r e p r e s e n t a t i o n  o f  tdeptf-1, 

( 6 1  A; conTro l  s t r u c t u r e s  become TIOR s c p h i s t i c a t e d ,  c;? t h e  c v e r a l l  
rnanagemerlt of c o n t r o l  becomes ve ry  difficult, One i s  inevita1,l;i  l e a s  
t o  the f a r n i i i d r  i d e a  of s e n e a u l t n g  I r c c e s ;  a c t i v i t y ,  '~ch a s c ~ e d u l e r  
may be basea  on a s i m p l e  d.?;rain-independerl'c-depend c r ' t e r i o n ,  > J C ; ~  as q~ec l e  
o r d e r  o r  weight o f  numbers, Tne c r i t i c i s m s  v b i c r i  can te ' e - ~ e i l e a  
a g a i n s t  sucn  a scheme a r e  e s s e r l t i a l l y  t h o s e  t r l a t  i e i e l l e r i  aqaqrizt 
~ n o w L e a g e - f e e  searcki ing,  h sche i lu le r  may of course  e w o d y  dr,mj:i 

s p e c i f i c  knowledge; t h i s  merely pushes t h e  pror~lern udcr c-.e s t e p  a;,d 
one soon h a s  t o  th ink about  s c h e g u l i n g  t n ~  ~ c h e d u l e r s ,  

I t  shou ld  be c l e a r l y  no ted  t h ? t  we a r e  n o t  a r g u i n g  t h a t  a c(.Jccern 
-bC"C with  can"i9.l s t r u c t u r e s  i s  i r r e l e v a n t  t o  Artificial In te l l ;ge : i ce ,  A 

-. . 7rogra;n mus"ce capab le  o f  f l e x i b l e  s e n s i b l e  b e h a ~ r l a u r ,  r an lnan  ' s  
(19:31 p m g r a n  s t a n d s  o u t  as a 2l .ece of k.1, oithou,;n ;,is tor-centratlo:, 
an s i n g l e  ?:lock moves wherever p o s s i b l e  l e a d s  t o  I s .e f f ic ient  soiu;ic:is .~ . . 
t o  some p r o b l e m ,  Any a t t e m p t  t o  :r i tegrate t e c 7 m i ? u e s  such  as s c a f z o ~ . C -  
iaig more f u l l y  w i t h i n  t h e  program woula have s e r i o u s  consequence; i-cr 
c o n t r o l :  a b e t t e r  r e p r e s e n t a t i o n  i s  i n  f a c t  what i s  n e e d e t ,  

Again, t h e  i d e a  of  p r o c e s s e s  communicating i n a i r e c t l y  - J . L ~  a a a t d  
base  n e i t l y  e n a b l e s  one t o  decouple  t h e  i n v o c a t i o n  c f  a  2 rocedure  f r o -  
assumpt ions  about unat  i s  Known, The p o i n t  is t h a t  a LIP? cr f l g o l  
program's  knowledge is  implicit i n  i t s  a c c e s s  an6  c o n t r c l  e n v i m n n e ~ t  
a t  t h e  t i m e  o f  i t s  c a l l ,  The p o i i t  we w i s t  t o  make ne re  i s  t h a t  a 
concern  f o r  c c n t r o l  i s s u e s  a l l  t o o  e a s i l y  dominates t h e  semanr ic  i s s ~ ~ s  
of wnat e n t i t i e s  deno te  and whst  a 2 i e c e  of c o r n ~ b t a t l m  i s  f o r ,  

& e  a l s o  n o t e  t h a t  a n u ~ b e r  or premisses  u n c e r l l  e t n e  arguments 
s a i s e d  above,  i n c l u d i n g :  t h e  c u r r e n t l y  l i r n i t e c  s t o c k  of  c o n t r o l  
structures, t n e  l a c k  o f  a u s e f a l  fo rmal  n o d e i  of  n o n d e t e r m i n i s n ,  an? 
t h e  l a c k  o f  adequa te  t n e o r i e s  and r e 2 r e s e n t a t i o n s  a b o d t  v i s i o n ,  Tnese 
are o b s e r v a t i o n s  aixTd-t t h e  c 7 J r r e n t  s i t u a t f o n ,  riot f a c t s ,  and -iay xel.1 
c k n g e  i n  t h e  n e a r  f u t u r e ,  

3 ,  What's t h e  a l t e r n a t i v e ?  
P 

The purpose  of  t h i s  paFer  i s  t o  i s o l a t e  scne  of  t h e  t r a 2 s  wnieri 
. . 

awai t  t h e  h e t e r a s c h i c a l  programmer, n o t  p r e a c h  " t r u t h " ' ,  noxever ,  x e  
conc lude  by L r i e f l y  e x m i n i n g  some o f  t h e  consequences of  t h e  a t s v e ,  
A f u l l e s  accoun t  o f  t h e  i d e a s  i n  t h i s  s e c t  ion  a p p e a r  i n  tirady ( L 3 7 t i i ,  
F i r s t l y ,  i f  we t a k e  t h e  p o i n t  &out formal  a n a l y s i s  and ~ r e d i c r i c n  
s e r i o u s l y ,  t h e n ,  i n  t h e  aLse:ice c f  a  u s e f u l  n o d e l  of- ncn seqi;er.tiali 
sys tems ,  ~ p r e s e n t a t ! . o n s  must be  s t a t i c  d a t a  s t r u c t u r e s ,  P r o c e s s e s  
t h e n  i n t e r a c t  by u p d a t i n g  a shareci d a t a  s t r u c t u r e ,  The p o i n t s  m c e  
about  p a r t i a l  knowledge s t a t e s  i n  (i3rady and i i i e i i n g a ,  11973) aW!cunt 
t o  i n s i s t i n g  t h a t  t h e  r e p r e s e n t a t i o n  admits o f  s u f f i c i e n t  g r a n s l a r i t y ,  
and d e f i n e s  Sehav iour  a s  t h e  sequence a f  i n t e r m e d i a t e  r e p ~ s e n t a t i o n s ,  
Xr seems t h a t  we a r e  r a k i n g  a d e c l a r a t f v i s t  p o s i t i o n  i z  t h e  xel i -knovn 
d e b a t e  hWinograd, 19771, A f a m i l f m  o b j e c t i o n  i s  r h a r  one mar:'s d a t a  
s t r u c t u r e  i s  a n o t h e r  m a n f s  proceduxqe i n  t h e  s e n s e  r k ~ a t  any d a t a  s t r u c t - r e  -. i s  i n t e r p r e t a b l e  and s o  can he  thougk t  of as a  p r o c e d u r e ,  A n e  ~ s s e n ~ i a l  
d i f f e r e n c e  seems t o  be r h e  e x t e n t  to which one is  committed In advance 
t o  a p a r t i c u l a r  i n t e q r e t e r ,  Ke have argued e lsewhere  t h a t  it i s  
p o s s i b l e  t o  a v o i d  many o f  t h e  problems whicn a r e  t a k e n  as LnZfcatLve ef 
o f  a nee2 f o s  r i c h  p r o c e s s  i n t e r a c t i o n  "?;r sup2l;:izg s a f f i c i e n r  ;ower 



of m % i c u l a t i o n  i n  a  mpresen ta t ion .  Often, one is forced t o  choose 
between h y p o t b s e s ,  which can be r e p r a s e ~ t e d ,  each o f  which amounts t o  
c l a i d n g  mom than i s  j u s t i f i e d ,  If one -mot  represent  "I? o r  Q"', 
one has t o  chmse  t o  represent  e i t h e r  P o r  Q indiv idual ly  with t h e  
consequent p o s s i b i l i t y  of having t o  re-examine t h a t  choice l a t e r ,  A 
l o t  o f  d i f f i c u l t  i s sues  bear  upon t h i s  po in t ,  s p e c i f i c a l l y  regarding 
uracertainty, S t a t i c  mpresen ta t ions  a r e  r e l a t i v e l y  uncommitted t o  
sequen t i a l  processing,  a d  can be developed by constrained p a r a l l e l  
algori thms,  This is a m j o r  advantage i n  t h e  case of computer v i s ion ,  
It may be argued t h a t  t h e  sequence o f  i n t e m e d i a t e  p a d i d l y  famed 
represen ta t ion  corresponds d i r e c t l y  t o  the  sequence of intermediate 
s t a t e s  of  a  he te ra reh ica l  program, s o  t h a t  t h e  d i f ferences  can be 
resolved by a s u i t a b l e  opera t ional  semantics, However, one examines a 
s i n g l e  s t e p  i n  t h e  incremental development of a representa t ion  i n  domain 
s p e c i f i c  terms, whereas t h e  opera t ional  meaning of two coroutines (say3 
involves t h e  e n t i r e  meaning of t h e  individual  processes,  It may not 
have escaped some readers t h a t  even i f  one accepts  t h e  need f o r  f l e x -  
i b i l i t y ,  the re  a r e  o t h e ~  ways o f  achieving it i n  exis tence  i n  AX,  f o r  
emmple production systems and cons t ra in t  s a t i s f a c t i o n ,  
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E X P E ~ ~ A L  L F N I N G  MODEL 

Depar-ent of Artificial Intelligence 
University of Edinbuscgh, Scotland 

BIBSTWT: The a h  of our work is to investigate how a relatively small set 
of rules can be transformed into a running program capable of solving a 
fairly wide variety of problms, We have written a progrm E&M 
(Experhental Learning Modelf F7hich madifies a given set of rules 
(clausesl as a result of its experience. The problms are chosen from, the 
domain of school aritMetic/algebra and solved by one part of our system 
(with the help of the teacher), The solutions are analyzed and 
modifications to the =%sting system of rules are perfamed as a result. 

------------*----- 

GET CLAUSES 
& CONSTRAImS -------- 1 --------- 

GET NEXT PROBLEM 

FO-W T E A m R c S  
SOLUTION 

---em--- ,--------- 

PERFOM SEAReK 
FOR SOLUITIDN 

-------- -------- 
I- 

---,---- 4 ----------- 
DESCRIBE SOLUTXOM 
PATH USING 
PRIOmTY ORDERINGS 

ASSIMILATE 
PRIORITY ORDERINGS 
- GEESEMTE 

C7;AUSE CONSTT(BIWS 

FIG,% BASIC VIEW OF E M  - 

1, Input Provided by the Teacher 
2, Search for a Solution 
3 ,  Asshilation of Priority Orderings 
4 ,  Conflict Resolution 
5. Results and Conclusions 

1, IWPW PROVIDED BY THE mAWR - -  -- 
In this section we will concentrate on the 

description of the information the learning model is 
provided by the teacher, Later, we will show how 
prablms are solved and what kinds of modifications 
our system can produce, Figel shows the basic view 
of fie systm, 

(If At present El;.i. needs to be provided with a 
set of clauses which express various rules the 
teacher might consider useful for solving a certain 
class of problms. Fig,2 shows such a set of 
clauses intended for mmipulating aritMetic and 
algebraic expressions. For example, the clause 
'asoc' expresses associativity. The clauses contain 
little infomation &out when they should be used, 
We will use our work to show that it is relatively 
easy to generate this infomation automatically, 

( 2 )  We provide "che system with a set of 
(constraints), which the systern may 

insert among the existing predicates in the clause, 
Their Eunetian will be to constrain clause 
selection, In the implementation we have usad the 
following: 



predicate var ( X I  true if X is a variable, 
int ( X I  - -  X is an integer, 
X : -U+V -"- X is of the form U+V, 

.................................................. 
The l e f t  C O ~ W C I  shows TRACES suppl iea  by t h e  ( 3 )  ELP4 needs to be given a 
teacher.  The middle column .shows SEARCH TREES Sequence of problems to solve. 
obtained by t he  prcqram. The goal 2+2=X, f o r  
exaiinplle, can be solved e i t h e r  by aijplyinc c lause  

Fige3 shows an example of problems 
' s u b z ' o r  ' ovepr .  c l ause  k u b z c  transforms the given to ELM. Each problem is 
oricjsnal goal  i n t o  2=Y,2+Y=b. The r i g 5 t  column 
shows PRIORITY ORDEPZNGS generated 

TRP.CFS SEARCH TREES PRIORITY OF3EFISGS -- - 
2.4-25 X w PROBLEM 1 

-I-- 
----------- 

subz ovep s3ubz < ovep 
J \ 

X+2 = 5 X42 = 5 PROBZ:!  5 - 
- -. - - - - - - - - - - 

subz ovep ovep < s.&z 

\ 
5 - 2  =X ~=y,~.~y=5 5-?=~ -- : co?.flicts 

-"-r-- ---T"- subz i nvep 
s imi l a r  t o  si2l;n ir. Prob. 39 
Prob lm~ 3 I . ~ .  
Experience with Prob.? f a c i l i t a t e s  t h e  so lu t ion  
of Frobiem 6 ,  s ince  t h e  sabgaal 5-2=X IS solved 
without search .  Problem I, on the  o the r  hand, 
e l h i n a t e s  t enpora r i l y  the branch leading ro t he  
the  so lu t ion  of X+2=5. Thanks t o  t r a c e  provided 
t h e  r r r c r  i s  soon discovered and r e c t i f i e d ,  

asoc: 
avep: 
over l 
subm: 
subn: 
subs. 
subz: 
pred: 
slic: 

Xl+(X?+X3) =x4 <- IXI*X2) +X3=X4, 
SI+X2=X3 i- #3-X2=XI. 
XI-X2=X3 $- x1=x3+x2. 
XI-SZ=X3 <- Xl=XO & XO-X2=X3. 
XI-S2=X3 <- X2=XO & 4x1-XO=X3. 
XI+X2=X3 <- xI=XO b XO+X?=X~. 
XI+X2=X3 <- X2=XO & XL+XO=X3. 
;=I+O <-, 2=1+l C-. e t c .  
O+I=1 <-. 1+1=2 C - .  e t c ,  

FIG.? E:Cr.?LE OF CLAUSES - --- 
GIVEN TO E r n  

solved by evaluating the 
arithmetic expressians and/or by 
finding the correct value far the 
variable in the expression, 

( 4 )  Generally, learning models 
may require same form of search 
guidance in their search for 
solution, ELM is shown a sequence 
of subgoals as they are to be 
solved - a trace, An example of a 
trace is sho~m in Fig - 4 ,  Traces 
are produced by a routine which in 
effect simulates the teacher 

2, SEARCH FOR A SOL,UTZON - -- 

ELM responds to each problem 
by initiating a search for a 
solution, For each subgoal a set 
of clauses is selected, provided 
they match, The ordering of 
clauses is also respected, Each 
clause, when applied replaces the 
current subgoal by its body 
(Fig-4). The application creates 
a new node in the search tree, 
which is expanded breadth-first, 
The trace provided is utilized to 
terminate a branch whenever the 
current suSsqoal differs from the 
one in the trace, The search 
terminates whenever there are no 
more subgoals to be solved, 

Experimental Learning Model 



o r  whenever no clause can be found f o r  solving a p a r t i c u l a r  s ~ g o a l ,  The 
answer oar ' n o k e s p e c t i v e l y ,  i s  given, 

The search t r e e s  obtained by the problem solving rout ine  a r e  analyzed 
with the  object ive t o  el iminate  search, Experience with one problem of ten  
f a c i l i t a t e s  so lu t ion  of s imi l a r  problenrs i n  the  fu ture ,  bu t  d i f f i c u l t i e s  
can a l s o  be introduced, I l l u s t r a t i o n s  of t h a t  a r e  given i n  F ig -4 ,  
Thanks t o  the t r ace  shown the  e r r o r s  a r e  soon discovered and r e c t i f i e d  by 
modification of c lauses ,  The bas ic  s t r a t egy  of ELM i s  t o  r e s t r i c t  
s e l ec t ion  c r i t e r i a  f o r  c lauses t h a t  do not  l i e  on the  so lu t ion  path 
E i the r  p r i o r i t y  orderings o r  c lause cons t r a in t s  can be introduced, 

( 3 )  P r i o r i t y  orderings specify the  order  i n  which the  clause se lec t ion  
should be performed, The p r i o r i t y  ordering C<D, f o r  exmple ,  ind ica tes  
t h a t  the  clause C should be se lec ted  p re fe ren t i a l l y  before D, The 
se l ec t ion  o f  clause D i s  r e s t r i c t e d  a s  a r e s u l t ,  The p r i o r i t y  orderings 
a r e  generated a s  a s  the  so lu t ion  path i n  t he  search t r e e  i s  described * ,  

( 2 )  Clause cons t r a in t s  can be used as an a l t e r n a t i v e  means f o r  
r e s t r i c t i n g  clause se l ec t ion ,  Clause cons t ra in ts  a r e  pred ica tes  whose 
t r u t h / f a l s i t y  i s  t e s t e d  during clause se l ec t ion ,  I f  they a re  not t r u e  the  
clause t o  be se lec ted  i s  ignored, 

3 ,  ASSIMILATION OF PRIORITY ORDERINGS - & 

After  the  so lu t ion  of each given problem has been reached the  p r i o r i t y  
orderings describing the so lu t ion  path a r e  assimilated with the  ex is t ing  
tames, They a r e  added t o  t he  orderings previously r m a e r e d  unless  
c o n f l i c t s  a r e  detected,  i n  which case new clauses are generated, 

For exmple ,  the  
c o n f l i c t  between C<D and 
D<C i s  resolved by 
generating two new clauses 
C b a n d  DB , constrained 
versions of Z and D, They 

befare after before after constrained versions a r e  

A always given preference to 
the  unconstrained ones 
(Fig ,5a) . We prefer  t o  
generate both clauses C '  

1) C D  D C D  
and D' although i n  

E 1 pr inc ip l e  we could have 
generated j u s t  one of 

(5) (Sbj 15cl them, However, we would 
FIG, 5 PRIORITY OWLRINGS have t o  make a choice, 

(before and after c o n f l ~ c k  resolutxan) which we p r e f e r  t o  avoid, 

-------------- 
* Sussman (1973) discusses  the ro l e  of a ' c r i t i c '  i n  h i s  learning system 
m C a R ,  The descr ipt ion of the so lu t ion  so lu t ion  path can be viewed as 
'criticism"oF the  present  c lause se l ec t ion  process. 



The old  c lauses  C and D a r e  kept  a s  a back-up and used whenever t h e  new 
c lauses  do not  g e t  se lec ted .  Conf l i c t s  involving t h r e e  o r  more c lauses  a r e  
resolved i n  t h e  way ou t l ined  i n  F i g . 5 ~ ~  Some add i t iona l  p r i o r i t y  
arder ings  a r e  s m e t i n e s  generated a s  a r e s u l t  of in teg ra t ion  of the  new 
clauses C '  and D' among the  e x i s t i n g  c lauses .  Ttao such p r i o r i t y  
order ings ,  shown i n  F ig ,  6b, ensure t h a t  the  p r i o r i t y  given t o  c lause  A is  
unaffected by c o n f l i c t  r e so lu t ion ,  

4, CONFLICT RESOLUTION 
m 

The c o n f l i c t  r e so lu t ion  rout ine  requi res  the  contexts  i n  which t h e  
c lauses  t o  be constrained were se lec ted  o r  r e j e c t e d ,  The subgoal s ~ l v e d  
when c lause  C was se lec ted  ieg, when C<D was generated) i s  used a s  i t s  
s e l e c t i o n  context ,  The r e j e c t i o n  context  i s  defined s i m i l a r l y .  Both 
contexts  a r e  s to red  together  with t h e  p r i o r i t y  orderings generated,  Had 
they not  been s to red ,  appropr ia te  problem(s) would have t o  be found, the  
so lu t ions  re-created and the  des i red  contexts  r e t r i e v e d ,  The c o n f l i c t  
r e so lu t ion  rout ine  takes  each c lause  t o  be constrained and searches f o r  
i t s  va r i ab les  and corresponding t e m s  i n  t h e  s e l e c t i o n  and r e j e c t i o n  
contexts ,  Suppose t h a t  the  rout ine  i s  t ry ing  t o  resolve  the  c o n f l i c t  
beeween suibztovep and ovepcsubz ( F i g , 4 ) ,  and i s  j u s t  considering the  
f o l  bowing t e m s  : 

Clause head: Selec t ion  context:  Rejection context:  
X1+X2-X3 2+2=X X+2=5 

% P 1 

The c o n f l i c t  r e so lu t ion  rout ine  takes  each poss ib le  c o n s t r a i n t  
jvar(X1, int(X1 o r  X:=Tl and app l i e s  it t o  the  t e m s  chosen, I f  the  
predica te  is  t r u e  when applied t o  the  s e l e c t i o n  context  and, a t  t h e  s m e  
time, f a l s e  when applied t o  t h e  r e j e c t i o n  context  it is  added a s  a 
d i s j u n c t  t o  the  expression being b u i l t ,  Since f o r  example i n t ( 2 )  i s  t r u e  
m d  int(X1 f a l s e ,  the  p red ica te  int(X1) i s  added t o  the  e x i s t i n g  
cons t ra in t s .  Fur ther  inves t iga t ion  y i e l d s  var(X31, which is  added a s  a 
d i s junc t  t o  the  cons t ra in t  int(X1) found previously,  

Disjunctions of c o n s t r a i n t s  a r e  prefer red  because a r b i t r a r y  choice of 
a c o n s t r a i n t  does no t  need t o  be made, Also, we p r e f e r  more genera l  
c o n s t r a i n t s  t o  s p e c i a l  ones i n  order  t o  avoid producing overspecia l ized  
m d  genera l ly  inappl ic&le  c lauses .  

For exmpke, ink ( X I  i s  p re fe r red  t o  X:=2, 
X :  =X1+X2 - PG - X:=2+1, 

int(X1) v var(X3) - k g -  i n t i x l ) ,  

Also, C 1  & (Clv C2)  i s  replaced by C l ,  
(Clv C2) & ( C l v  C 3 )  - - C 1 ,  

The bas t  r u l e  i s  used q u i t e  o f t e n  by our program, The repeated occurence 
of the  same p red ica te  can be taken a s  evidence t h a t  it i s  re levan t  f o r  
clause s e l e c t i o n  while a l l  the  o t h e r s  a r e  merely inc iden ta l ,  



5,  WSmTS laND CONCLUSIONS - -- 
The learning model ELM discussed i n  t h i s  sec t ion  has been h p l m e n t e d  

i n  PROZOG, I n  one of our experiments t h e  p r o g r m  w a s  given 20 c l auses ,  
b u t  m p r i o r i t y  osderings,  Sequence of problems was a l s o  given ( F i g , 2 , 3 ) ,  
The search t r e e s  contained 
only one branch leading t o  t h e  
so lu t ion  a f t e r  one run through 2Cl-X 4-2=X 

t h e  learning seqdence , 7 5=x'-2 

Although the  p r q r m  knew 
2 =% 412=X 

-T 
nothing about '1oops' many . * ~  x + z = ~  . . ~ -.. e 

were e l h i n a t e d  never the less ,  
eg. the  ones shown, I n  t o t a l  
twenty-two new c lauses  were generated,  two f o r  each c o n f l i c t  de tec ted ,  
Some of the  c lause  new c o n s t r a i n t s  are shown i n  Fig.Gb, and 
corresponding p r i o r i t y  order ings  i n  FigeGa, We a r e  planning t o  extend 
the  s e t  of poss ib le  cons t ra in t s  t o  include o the r s ,  which should enable 
us t o  deal  with more conbplex equations i n  the  fu tu re ,  Also, we intend t o  
u t i l i s e  t o  a g r e a t e r  ex ten t  the  i n f o m a t i o n  i n  the  t r a c e ,  b a s i c a l l y  t o  
generate c l auses ,  

f \*%* 
suhn :i 

over,2: XI-X2=X3 <- (XI:=3 v XT:=lj & Lnt(X1) 
nver.1: XI-X2=X3 <- int(X1) ~ . *  subz. 2 avep. 1 

2 
subn 

s&,m. l :  XI-X2=X3 <-  X1:=X4-X5 .., 
s&h.l; XI-X2zX3 C -  Xi:=4 v X2:=2 ~ ~. 

5 
ovep.1: XI+X2=X3 <- var(X1) v int(X7) .. . 
siias. I: XI+X>=X3 <- XI.:=X4+X5 \, x2::z: . . . 
subz.2: Xi+XL=Xi <- lnt(X1I ... subz pred ovep over subm 
s h z . 1 :  Xi+X2=X3 <-  ir!t(Xi) v X2:=2 ~ ~ - 
FIG* 6b EXAMPLES OF CO:ISTRhlNTS GEI;EP.ATED FIG. 6 3  SOME PRIORITY ORDERINGS GENEMTED 
(Other predicates fallow the con§"idints shown) (Tha arrows paint to higher priority clauses) 

The b a s i c  cont r ibut ion  of our work i s ,  we bel ieve ,  i n  t h a t  we show 
how ana lys i s  of p r o b l m  solving a c t i v i t y  can be used t o  produce 
s y s t a a t i c  modificat ions t o  the  ex i s t ing  p rogrm.  

L wish t o  thank t o  Gordon P lo tk in  f o r  many he lp fu l  d iscuss ions  and 
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A b s t r a c t  

f i e l a t i v e l y  l i t t l e  work h a s  been  done t o  t r y  t o  
r rnde r s t and  t h e  a  f i 3 rmi r i~~  p r o c e s s e  I t  i s  c o n t e u d e d  
h e r e  t h 8 t  t h i s  s i t l ~ a t i a n  rnrrst ch83n7e i f  ~ r i s i o n  p r o g r m s  
a r e  to a t t a i g  any l e v e l  of s o p h i s t i c a t i o n ,  Some 3 i f f i c r l l t  
p rob l ems  a r e  posed  a n d ,  a s  a f i r s t  s t e p  t o w a r 4 s  ar2sner iqy 
them,  art a t t e r n p t  i s  made t o  u n d e r s t a r l j  t h e  e f f e r t s  o f  a 
1 i g h t - s o t ~ r c e  which i s  / s k y 8 ,  r 8 t n e r  t h a n  t h e  
t r a c l i t i o n i l l l y  a loptecd p o i n t  s o u r c e ,  

I r n a ~ e  formiqg  p r o c e s s ,  a r - i a ly t i c  a p p r o a c h ,  po i r l t  a'l i 
s k y  l i g h t  s o t i r c e s ,  r e f 1  e c t i v i x y  f i l n c t i o n .  

a e s o i t e  t h e  g r e d t  e f f o r t  t h a t  h a s  qone  i n t o  A I  v i s i o n  
r e s e d r c h  i n  t h e  l a s t  15 y e a r s ,  v e r y  l i t t l e  work h ? s  bee?  
d o o e  t o  t r y  and 1inAerstanA t h e  p h y s i c s  of i l l r l n i ~ ~ a t i o r i  31 1 
r e f l ~ 3 c t i o n .  O f i r  k?or.iledle 9f i h e  wav S I I ~ ~ ~ ~ G P S  F I Q ~  l i g h t  
i n t e r a c t  t o  q i v c  ( l i f f e r e r l t  v i s u a l  7 p g e = 1 r ~ 1 n c e ~  i s 1  ~t g~?s t$  
cz-rlde: f o r  e x a m p l e ,  we h a v e  l i t t l e  i -fea of  how r /e  ? r e  
q b l e  t o  t d i s t i n g r ~ i s h  beiLi,+'eeq t h e  ~iyr1ai-l  of d i f f  e r e ~ t  
s r ~ r f a c e  l r r s t r e s  ~ h i c h  ;1t-e cornnon o c c t l r e n c e s  i r i  (311r v i ~ r ~ a l  
wor ld  (ej. chrome,  m a t t  p a i n t ,  v i i r n i s i ~ e  i woo :, e t c ,  1 ,  or- 
how ~jhar-f ing i s  a f f e c t e d  b y  s h a p e  an t i  i l l r~? i r ia"c ior i ,  A 
cons i i J e r3 t io r l  o f  hornan a b i l i t i e s ,  co r ip le  i w i t t i  the l e s s 0 7 5  
L e;trned from e q r l y  projrei-iinioq e f f o r t s  ( i ro rn  1 9 7 0 ,  kdandh2m 
1977) s u - ) . g e s t s  t h e r e  i s  inrich Lo n e  g j i ? e J  from i ~ p r ~ v i n q  
o u r  knowledge i ?  S I J G ~  a r e a S ,  A t  t h e  j ~ r ) l  l e q s t ,  we ~ f 1 9 1 1 l ~ I  
a s s e s s  t h e  e x t e n t  t o  v h i c b a  nc r;ierstaridirzg o f  t h e  I rl. i je 

f o r v i ~ g  p r o c e s s  n i y t l t  h e l p  rrs b e f o r e  a ~ t e r ~ ~ p t i n j  xo ' v r i t e  
p rog rams  whicf?: p u r p o r t  to  s t  any l c ~ v e l  of 
' i n t e I I i j e n c e 8 .  See riorcl, 19 17 fc.r a ~ ; t a t e r ~ e n t  o: t h i s  
m e t h o d o l o g i c 2 l  s t a n c e .  

J n f o r t u n a t e l y ,  s e r i o c r s  3 t t e m p t s  t o  u r l d e r ~ t = i n J  t i le 
image  l 'orming p r o c e s s  seem d e s t i n e  f tc> p l u n g e  h e a f l l o q j  
i n t o  c o m l i c a t s d  ma the i , i~ l t i c s .  Take, f o r  i n s t q n c e ,  t i le  
s eeming ly  i n n o c e n t  .nutri;ll i l l i r m i u s t i o r l  p roh le r i  2s a t t a c k e d  
ny  tior-n, 1975 t d e s p i t e  ..;eaier.ll s i m ~ I i f y  fng  ass r i rqp t ioqs ,  



t h e  proolern h a s ,  s o  f a r ,  e l r ~ d e j  a ' l8 lyt l .c  ~ o l r i t i o r l ,  T h i s  
1 e v e l  pf m s t h e m e t i c a l  d i f f i c u l t y  may b e  p a r t l y  t o  bl,wie 
f s s  t h e  s m a l l  amouqt of ,vork cione i n  t h e  f i e l c l ,  

A common o b j e c t i o n  t o  t h e  a n a l y t i c  a p p r o a c h  I s  t h q t  
c o m p l i e a t  ed ma them3t i cn l  t e c h n i q r l e s  sre not  r e  ? l l y  
r e i e v d n t  t o  a n  A I ,  symbol p r o c e s s i n g ,  v i s i o n  program. Hut 
t h i s  i t o  m i s s  t h e  p o i n t r  few,  i n d e e d ,  ~vol i ld  c l , i i n  t h a t  
d i f f e r e n t i a l  e l u a t i o ? s  t ~ e l o n j  - i n  any key ser lse-  1'1 a 
program sfrnt~la"(;ng human p e r c e p  t i o n  i however ,  c ' l e  
o b j e c t i v e  o f  t h e  above  ~ ~ e t h 3 d o l 0 9 y  i s  t o  r 01.1r 
i i i n d e r - ~ t ~ n J i n g  of t h e  r3hysY c s  o f  v i s i r a l  ot-lenornena ~ ~ f i t h  3 

v iew t o  i n c o r p o r a t i n 3  ?ny risefrrl  r e s t i l t s  oo t3 ine ;1  i r l t o  2 

bl is ion 2rograrn i?  d r e l a t i v e l y  s l t i c  I 45 z 
p a r a l l e l ,  some r a t h e r  i i f f i c l i l t  n;li"ii-le.n;itics c r > ~ ? t r i r ) i i t e  i t o  
t h e  t i e r i v a t i r l n  o f  a c c l ~ r - ~ t e  e( j f je-- ( j~; ter : t inr j  op1-3r3tors 
( B r o o k s  1378a1 ,  though t h e i r  f i q d l   for^ e - ; s e ~ t i d l l y  r ~ . l i u s  
o n  s i m p l e  3 d J i  t i o n  and  s i ~ b t r q c t i o ?  of l i r ~ h t  l e v e l s ,  

Some i m p o r t a n t  p rob lems  - 
L e t  ;i scer?e con . f i 2 r1 r? t i o - l  be r i n i q r ~ e l y  c h . i r q c t e r i . ; . ? i ,  

f o r  our p u r p o s e s ,  i?y s p e c i f y i n 7  v a l l ~ e s  f ~ r -  t i 1 2  i ? l l y i r l i z j  
p a r  a rne te rs :  

i ,Silr f ace  shape  8 . snhere  Oii c f l i  nc-ier :I;? ;jl -line 

3,, i - i q h t i n g  typeg  p o i n t  Oi l  f i r l i t e  p l a n e  r):4 s k y  ( i u f i n i  i i . 1  

4 ,  L i ~ h " c - s o i r r c c  e in i s s ion r  p e r f e c t  s c a  t t e r e r  O'i  l a f r ~ o e r t f  3 r i  

b*Geoinetry  8 li-ji-.it=-so.irce and  v i e~ l i e r  t o 7 e t h e r  a?ti d i  s t d r l t  
01 mqnv v a r i n t i o n s  

I R t h e s e  t e r rn s ,  d j ~ e r c e p t i  ,?-I/ of .3 s c e n e  !&/ill  assi;i.? cl 

s e t  o f  c ~ n s i ~ t e n t  vakries c 9  o u r  5 ~ - ? r ? ~ i i e t e r s ,  I t  I s  t h e  
a u t h o r J s  i n t e n t i o n ,  i n  t h e  c o q t e x t  f  -ches+ sce r l e s ,  t o  
begin,  t o  a n s d e r  t h e  : i i f f i c ~ r l t  an i 2 e Q e r ~ r l  q l i e s t i o n , s  
o u t l i n e a  below, 

Giv-.n a d i q i t i s e J  il.iaqe c ~ f  4 S C ~ Q F ? ,  h o ~ ~  10 e ~ t 2 r t  
t o  f i l l  i n  t h e  iral i e s  of  c l r  p a r a m e t r r s ?  I t  sepiils t h a t  
o e f o r e  makin7 i l r f e r e r l ce s  3i-)o[rt s i i r f d c t .  snape i e  q e e  i tc> 
know some th inq  ; i b o f ~ t  t q e  i l l i j i n in ; t t I on ,  ii-~ci \iice--irer.;-7. I f 
t h i s  is  s o 9  w h a t  i n i t i a l  a s s i i r l p t i ons  (?re  n ? c : s s a r y ?  r i i l r~ t  
4ssrirnptioils do  p e o p l e  q a k c ?  (They proh? ' , ly  ~ S S U ~ ~ I S  s i l r f a i l e  
c o n t i n i l i t y ,  f o r  i q s t a r l c ~ d ~  1 I t  woill j ( I S C F U L  t o  
a n a l y t i c a l l y  q e ~ e r a t e  p h o t o ~ r a p h s  of s c ~ v e  c o ~ f i q i ~ r i  L i o ~ s  
=l?d (q;?trqD hrman rec;pori.;e, i ' i ~ t e  t h q t  trle p r o ~ r ~ r ~  oi i u r l *  
197d arid i'doodham, 16 77 - vhi r t -1  ~ ~ t e r l ~ p t  t o  a r c c ~ ~ ~ ? t  f o r  tile 
oacierl t a t i a n  o f  ec3cIl p i x e l  i n  t h e  ir~a(2~2 - $1 n c ~ t ,  ill ) . ~ a c  



s e n s e ,  s t ; i r t ,  s i n c e  t h e y  r 1 1 $41 th S I J ~ I S  ~ a ' ~ c i d l  
p r e - r s q u i  si t e  i n f o r m 2 t i o n .  As s u c h ,  ,-l;c:y j o  a L i t t l e  way 
towar Is a n ~ w e r i n q  t h e  problem o f  I T O M  i r ~ f  ererlce.5 -11-e rrld j e  
a t  an i n t e r m e d i a t e  s t c i j e ,  T h i s  will c l e d r l y  ~ - e ( l l i i r ;  a r i  
2pprec i . 8 t  i o n  o f  the i n t e r - i ? e p e n ( l e n c ~  o f  t h p  ;~~3r=llne t e r s e  
I n t e r t w i n e d  ~ i t h  the 3bove p r o b l e ~ s  a r e  t h e  issrres o f  ~ A ~ I I ~ L ,  
c a n  d n r f  c a n n o t  b e  cornputetl a t  2 y i v e r l  <;t . ige,  awx' t o  g h a t  
l e v e l  arili-~iyrii t y  i s  i n h e r p i l t  i n  irnqgec. ( i L n ? i  n o t  jr~st 
arnbic].iitf of t h e  [ d e c k e r  v a r i e t y .  Two i i f f e r e r i  c c e ? e  
c o n f i 7 u r d C i o n s  co~ l l . 1  7 i v e  r i s e  t o  t h e  saint! i r ~ d j e ,  e ; ,  a 
s u h e r e  IJQ J e r  cl p o i n t l i q h c - s o r ~ r c e  a.i i 3 2  e l l i pq i ? i r4  lrrl(ier 3 
sky, 1 \ 

As a n  at"cm,st  t7 t a c k l e  t h p ~ p  j ~ r ( > b l c ? - i i ~ ~  4e  c o n t i n u e  
b y  i n v e s t f q a t i n g  t h e  c f f  e c t s  1)f iifft:r12-3t t i  j I t - ~ ; r ~ ~ r c e  
,nodel s .  

n e n e a t h  d l a m h e r t i a n  s k v ,  

ro i a t e t  a t te lqpt . ;  t o  ~ o d t . L  t h e  i 114 4," for l l~ i? ; l  jlrC)CeSS 
i-i2ve or11 y cclnsi  fe l t?  1 t h e  J i s t d n t  ;~(:,i?t l i  j r l t - ~ o l l i - r e  - ? 

v e r y  t r a c t a b l e  c h o i c ~ ,  i t  i s  of  i n t ~ r p s t  'iii3rc t I j ~ i j e  

t h e  e f f e c t s p  t h e  ir7i=i7;lcj L o r - i ~ i ?  of 4 ~ k y  ~ ~ c ~ I I L - s ~ ~ I ~ c F ~ .  

F i r s t ,  wc3 [n i l s t  c o ? ~ i i i ? r  the nl3y i ?  i h i c  1 o u r  ro i ~ l  3; 
t h e  sky i s  to e q i t  l i g h t  f r o ?  e,3ci1 p o i n t .  .4 p e r f e c ~  
s c ; i t t e r e r  i s  n o t  fea . ; i r>le  s i ~ c s  n i n f i r l i ~ ~ ~  7 , ~ c > r l ~ t  of  
e p e r J y  w i l l  oc? r ~ c c ? i v e d  r:,f iiny t i l ~ ~ 3 i  i t i r f + c t :  r ~ e r i e a t l ~  S I J C } ~  

a s k y  (Yrooks 1 9 / 3 b ) *  1 Ia r i ~ ~ r t  i e I -  - O ~ F  t 'h  /., 
e ~ i t s  l i g h t  p r o p o r t i o n a l z l , ~  t~ t 9 e  c o s i ~ e  of the e m i t t ? i l c e  
nnqle -  i s  q o r e  r ~ - 3 1 i ~ t i c  rln f e l *  t i e  ~;lls{> n ? e  i t o  
cqn.;i I e r  t h e  w=1y S I ~ T ~ ~ ~ C ~ S  3r~;i L O  r e f l ~ r t  liirilt, tue cil ) O S ~  

r e r e  t o  3 j r ) p t  i i c , r n c s  no~-iel f s i r  r r f l ~ r t i v i ~ y ~  
( 3 e e  i i o r ? ,  1 4 7 3  3 q . I  B rooks ,  1 1 

Cor ls i Jet- a [ ~ o i ~ t  nn, 7 ~ n d l l  .;tale 2 ' ,  - . i i th  1 l o c ~ l  
s i ~ r f a c e  nor~1;31 t f . . t > t  ti?(? viewer- o r  h c  
( p 9 : j v r ?  , 3s t l i ~ : > l . ? y e d  i n  f i - j ~ l r e  I ,  

The f l ~ i u  J e q s i  ty  3 t  'f 
.ize t o  X ,  a lony  t h e  - - F cusc 91 
l i n e  of t h e  irlci:lerlt ray 2n C" 

dnerc? 5 is t h e  r e f l ~ c t i v i t y  f u l c t i o ?  repr-eser i t i r l?  t h e  
p r ~ p o r t  i o n  o f  enerF;y re t . ? iqec i ,  rdr . in . ; lc i t in7 "t o a r t e s i a n  
c o a r i i n a t e s  ;jnd i n t e ~ j r ; i t i n q  o v e r  t h e  114hole o f  t h e  l i g h t  



source a c t u a l l y  c o r l t r l b r ~ t i n q  t o  Y', we o b t a i r l  t h e  f o l l o i r i ? y  
i n t e q ~ a l ,  r e p r e s e n t i n q  t h e  viewed l r r r ~ ~ i ~ a ~ c s  o f  Y e  

- O - s N l  c C)+ sew I - 
4 

LT 

flux dens i ty  b 
E 

S h i s  is  a n o n - t r i v i a l  i n t e g r a l .  I t s  culnbersarrie 
s o l u t i o n  and f r r i l e r  derivation sre  d e t a i l e d  in 3 r o o k s  
1378b, Fortuqately, when n ,  t h e  d e g r e e  of s p e c u l a r i t y ,  i s  
o d d ,  t h e  result collapses t o  a r e l a t i v e l y  s i w p l u  
e x p r e s s i o r l .  The l r l n i n n n c e  of a 1 i 0 r - D  t ype  ~ ~ ~ r f a c e  o r i e n t ~ j  
at ( a ,b , c ) ,  viewed from ( p l l r s 9  and beneath a l a inbe r t i a r l  
sky i s  l i s t e t f  h e l o &  for ~ = 1  ,3,5. Note b o t h  vectors ; i re  
assrimed normal  i sed,  



Tne 2uthor is currently i ~ s ; n ~  these re5rilty tu 
y s e r d t e  photoyrn;>hs af vdriotls scene ronfiqriratfons, 

dy t hanks  79 L O  $ d t  i i a y e s  for srlJrjestinfl t : ) i s  
? p p r o a c k ,  to A ~ t h o n y  i i o l t  f9r soqe  v e r y  1~sefr.il hell) w i t h  
the inte2r3tiol, ~ ~ n c f  *LO h r i s  H ~ ~ h u r y ,  : l ike  dra1Q a d  Pat 
f o r  help with the c l r a f t .  'This ir\iork W ? S  f r ~ n l ~ , j  ' ~ y  t h e  ,. 2 c i e n c e  Gssearch Council, 

3rooki;,!/. J ( i  97Sb) iqvestiqatiny the effects of planqr 
l i j h t  s o u r c e s ,  CSM 22, I l ep t ,  Cornpriter Science, 
d.iiver.;l;ty of E.;seu. 

r 3 K P 1 1  97d 1 Shape froill shading." EI rnetr-~cri i  for 
outaining the shape of a S T I O O L L ~  o p d l f l e  o k ) j e c t  f r o n  
one  v i r w ,  , IAC Ti7-73, 4j1Ta 

i iorn,  3, K. P, ( 1377 1 Towqrrls n s c i e n c e  of irn2qe 
i r r ? d e r s t ? n , i i ? y  a pg* A4Y9 IJCAIp 1971. 

,aoo~ihain,>d,.l ( 1 9 7 7  1 A c o n p e r a t i v c  d l q o r i  ti117 r a r  
cieter?irii:~:q oi? j e r t  relief froin one v i e w ,  "IT, 1973, 
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Abs t r ac t  

We g i v e  an axiomizat ion o f  a  modal q u a n t i f i c a t i o n a l  l o g i c  

which cap tu re s  t h e  no t ion  o f  l o g i c a l  t r u t h ,  This  modal l o g i c  i s  

s t r a n g e r  than  S5, Next we  d e s c r i b e  a  sequent c a l c u l u s  f o r  t h i s  

anodal l o g i c ,  and show " c h a t  i t  i s  c o q l  e t e ,  F i n a l l y  w e  de sc r ibe  

some p o t e n t i a l  a p p l i c a t i o n s  of &dal  Logic t o  A r t i f i c i a l  

I n t e l l i g e n c e ,  

I n t  roduct ion 

t W e  f i r s t  d e s c r i b e  i n  s e c t i o n  2 a very  s t r o n g  modal l o g i c  

which cap tu re s  t h e  no t ion  of l o g i c a l  t r u t h  of t h e  meaning of 

object language sen t ences .  That is ,  f o r  e x m p l e ,  l e t t i n g  C" be  t h e  

modal symbol f o r  l o g i c a l  t r u t h ,  and M be  our  r e c u r s i v e  meaning 

func t ion  (Brown [197'9d]), then  b ( M  S )  s t a t e s  t h a t  t h e  meaning of 

the ob jec t  language sen t ence  S i s  l o g i c a l l y  t r u e .  Thus, amazing 

a s  i t  may seem, w e  can c o n s t r u c t  a d e f i n i t i o n  o f  l o g i c a l  t r u t h  

without  t h e - u s e  o f  any s e t - t h e o r e t i c  concepts ,  

N e x t  i n  s e c t i o n  3 w e  g i v e  a  complete set o f  r e w r i t e  r u l e s  for  

t h i s  modal l o g i c  which may be used t o  form a sequent c a l c u l u s  f o r  

mdaH q u a n t i f i c a t i o n a l  l o g i c ,  I n  p a r t i c u l a r  t h e s e  r u l e s  a r e  

in tended  t o  be  added t o  a  c l a s s i c a l  sequent c a l c u l u s  such a s :  

Brown [l376 Brown [f 977a 1, Brown [l977b 3, Brown 11977c 3 ,  

F i n a l l y  i n  s e c t i o n  4 w e  d e s c r i b e  some a p p l i c a t i o n s  of ou r  

modal l o g i c  t o  A r t i f i c i a l  I n t e l l i g e n c e ,  



2 * 

Mter exp la in ing  i n  s e c t i o n  2 . 1  t h e  l o g i c a l  n o t a t i o n  t h a t  w e  

use ,  w e  g i v e  i n  s e c t i o n  2.2  t h e  l o g i c a l  axioms of our  modal l o g i c ,  

In  s e c t i o n  2-23 we d i s c u s s  what w e  c a l l  t h e  Consis tency Roblem of 

modal l o g i c ,  and exp la in  any theo ry  formula ted  i n  m d a l  l o g i c  

should a l s o  i n c l u d e  c e r t a i n  s p e c i f i c  non-logical  axioms about 

p o s s i b i l i t y ,  

2 , l  Notat ion 

We now exp la in  our n a t a t i o n .  

The symbols o f  c l a s s i c a l  l o g i c  a r e  l i s t e d  below w i t h  t h e i r  

Engl ish  T r a n s l a t i o n s  s 

X A Y  x and y 

PC &' Y x o r  y  

i f  x then y 

x i f f  y  

no t  x  

t r u e  

f a l s e  

"F f o r  a l l  o b j e c t s  X, X holds .  

f o r  some o b j e c t s  X, '?x holds .  

f o r  a l l  p r o p o s i t i o n s  x ,  f x ho lds .  

f o r  some p r o p o s i t i o n s  x ,  (fx holds .  

Cap i t a l  l e t t e r s  such a s  X range over o b j e c t s ,  whereas s m a l l  l e t t e r s  

such a s  x range over  p r o p o s i t i o n s ,  

The synbols  o f  modal l o g i c  a r e :  

k x x i s  l o g i c a l l y  t r u e  

k x ~  x e n t a i l s  y 

Q x  x  i s  p o s s i b l e  

(World x )  x i s  a  World, 

The l a s t  t h r e e  m o d a l  syrnbols a r e  de f ined  i n  t e r m s  o f  t h e  f i r s t  one 

as fol lows:  

P x  Y = df: k ( x *  Y )  

$ X  
= df .\pbrlix 

(World x) = df ( ~ x ) p a ~ ~ y  ( h  x ~ ) ~ d ( f " x ( M ~ ) ) )  



The axioms of  our  modal l o g i c  i nc lude  any complete axiomizat ion 

of c l a s s i c a l  q u a n t i f i e a t i o n a l  l o g i c ,  wi th  p r o p o s i t i o n a l  q u a n t i f i e r s  

p l u s  t h e  fol lowing i n f e r e n c e  r u l e  and axioms about modality: 

RO: from x  i n f e r  f-x 

A l  : t-x + x 
A2: b(x -3 Y )  -+ ()-x + b y )  
A3 t b-.x v C w k x )  

A 4  : ("dw( (world  w )  -%, b w  XI ) -3 bx 

RO, A l ,  A-2, and A 3  a r e  e s s e n t i a l l y  t h e  i n f e r ence  r u l e  and axioms of 

55 modal l o g i c ,  Axiom A 4  which we c a l l  L e i b n i z r s  p o s t u l a t e  

expresses  h i s  i n t u i t i o n  t h a t  something i s  l o g i c a l l y  t r u e  i f  i t  i s  

t r u e  i n  a l l  p o s s i b l e  worlds ,  A good i n t r o d u c t i o n  t o  modal l o g i c  

i s  given i n  Hughes and Cresswel l  119681, 

The cons i s t ency  problem of  modal l o g i c  i s  t h a t  from t h e  l o g i c a l  

axioms o f  modal l o g i c  w e  cannot prove c e r t a i n  elementary f a c t s  about  

t h e  p o s s i b i l i t y  o f  con junc t ions  o f  d i s t i n c t  p o s s i b l e  nega ted  atomic 

express ions  c o n s i s t i n g  of  non- log ica l  symbols, For example, i f  w e  

have a  theory  formulated i n  our modal l o g i c  which con ta in s  t h e  non- 

l o g i c a l  atomic express ion  (ON A B )  then s i n c e  &(ON A B )  i s  no t  

l o g i c a l l y  t r u e ,  i t  fo l lows  t h a t  (ON A B )  must be  p o s s i b l e ,  Y e t  

Q(ON A B )  i s  not  a  theorem of our  modal l o g i c ,  

Thus, f o r  any theory  expressed  i n  modal l o g i c ,  a  c e r t a i n  number 

of non-logical  axioms dea l ing  wi th  p o s s i b i l i t y  should a l s o  b e  added, 

For example, in t h e  e a s e  o f  t h e  p r o p o s i t i o n a l  l o g i c ,  o r  i n  t h e  c a s e  

o f  t h e  q u a n t i f i c a t i o n a l  l o g i c  over  a f i n i t 4 e  domain s i n c e  i t  reduces  

t o  p r e p o s i t i o n a l  l o g i c ,  one s u f f i c i e n t  bu t  i n e f f i c i e n t  axiomizat ion 

would be  t o  a s s e r t  t h e  p o s s i b i l i t y  o f  a l l  c o n s i s t e n t  d i s j y n c t i o n s  

of con junc t ions  o f  l i t e r a l s  a s  a d d i t i o n a l  non-logical  axioms2 

0 ( V ( A  L i t e r a l s )  ) 

A more camputa t iona l ly  e f f i c i e n t  axiomizat ion which i s  ob ta ined  by 

no t ing  that t h e  p o s s i b i l i t y  o f a d i s j u n c t i o n  o f  sen tences  is i n p l i e d  

by t h e  p o s s i b i l i t y  of m y  one of t h o s e  sentences:  



i s  t o  a s s e r t  on ly  t h e  p o s s i b i l i t y  o f  a l l  c o n s i s t e n t  con junc t ions  

of l i t e r a l s :  

0 ( A  l i t e r a l s )  

Using ou r  meaning f u n c t i o n  ( B r o w  [1977d] f t h i s  may b e  done i n  

a f i n i t e  manner by adding t h e  s i n g l e  axiom: 

(Conj S )  /a (Cons is t  55) +. O(M S )  

where Gonj and Cons i s t  a r e  r e c u r s i v e  f u n c t i o n s  def ined  a s  fol lows:  

(Conj S )  = df ( L i t  S )  v 3~ :]R ( s = [ T ~  R ]  A ( L i t  TIA(Conj R)) 

( L i t  S j = df (IT S= lh T ]  A (Atomicsent T) )  atomicse sent S )  

(Cons is t  [ 1)  = df 

(Cons is t  [ s , L ~ )  = df (Consist2 S LLjp, (Consis t  L )  

(Cons is t2  S [ I)= df 1% 

( ~ a n s i s t 2  S [ T , L ] )  = df w ( @ p  s T )  ( C o n s i s a  s L) 

~ W P  S T I  = drf (JR s = ~ ; ~ R ] ~ T = R ) ~  ( J R  T = [ : ~ R ~ ~ S = R ]  

The methods f o r  r e p r e s e n t i n g  o b j e c t  language express ions  i n  

our l o g i c  and f o r  o b t a i n i n g  t h e i r  meanings a r e  def ined  i n  Brown 

&l977d]. For example [T R] i s  e s s e n t i a l l y  a s t r u c t u r a l  

d e s c r i p t i v e  name of (M T f n[M I? ) . 

We g i v e  i n  s e c t i o n  3 , l  some "ceorems o f  our modal l o g i c  which 

when used a s  r e w r i t e  r u l e s  w i l l  form t h e  b a s i s  of a method f o r  

t r a n s l a t i n g  every express ion  o f  our  modal l o g i c  i n t o  the s t anda rd  

form desc r ibed  i n  s e c t i o n  3 , 2 ,  In  s e c t i o n  3.3 w e  show t h a t  t h e s e  

r e w r i t e  r u l e s  form t h e  b a s i s  o f  a complete proof procedure  f o r  

modal l o g i c ,  

3 , 9  

We l i s t  below t h i r t e e n  theorems n f  our modal l o g i c  of t h e  form 

A e B  o r  C --;) ( A  .Bf which may be  used  "i r e w r i t e  r u l e s  

r ep l ac ing  A by B i n  any con tex t  i n  which C i s  a hypothes i s ,  The 
e 

symbols World@ and k have t h e  same meaning r e s p e c t i v e l y  a s  world  

and + , b u t  a r e  never t o  be r ep l aced  by t h e i r  d e f i n i t i o n s  i n  a 

proof  procedure  u s ing  t h e s e  r u l e s ,  Furthermore any i n i t i a l  theorem 

given t o  such a proof  procedure  must no t  i tself  c o n t a i n  t h e  tvarld" 

o r  b"^+ symbols, a l though i t  oould  of course  con ta in  t h e  World and k" 



symbols , 

# 
k % : (Worlde vr f  --$ ((b%( ~c x))*rvk w x ) 

3E. 
b @  I (WorldJCw) ( (  @ I R )  

dl + EJ : (World* w) -+ ( ( k  w U i-3 

: (World* w )  -+ ( ( + % ( d X  Y X ) )  4-+ (\-2( k% Fx)) 

The I-'%! and k j  theorems p e r t a i n  t o  q u a n t i f i e r s  of o b j e c t  

language v a r i a b l e s  whereas t h e  k a ,  b e  theorems p e r t a i n  t o  

q u a n t i f i e r s  f o r  p r o p o s i t i o n a l  v a r i a b l e s ,  The k v  and ~3 theorems 

a r e  equiva len t  t o  t h e  f a c t  t h a t  something i s  an o b j e c t  iff i t  i s  

l o g i c a l l y  t r u e  t h a t  it i s  an o b j e c t ;  and t h e  ta and t e  theorems 

a r e  l o g i c a l l y  equ iva l en t  t o  t h e  f a c t  t h a t  something i s  a p ropos i t i on  

i f f  i t  i s  l o g i c a l l y  t r u e  t h a t  i t  i s  a  p ropos i t i on .  A l l  t h e s e  

theorems h o l d  r e g a r d l e s s  o f  whether p ropos i t i ons  a r e  o b j e c t s  o r  n o t ,  

i n  o rde r  t o  t r y  t o  prove a  theorem -with a  proof procedure  

u s ing  t h e s e  r u l e s ,  i t  must a c t u a l l y  t r y  t o  prove )-y i n s t e a d ,  

There i s  a deep and b e a u t i f u l  reason far this which i s  b a s i c a l l y  

t h a t  t h i s  i n i t i a l  k i n s e r t e d  be fo re  ? i s  a  symbol of t h e  

metalanguage o f  t h i s  l o g i c  a s  a r e  all t h e  and World" symbols, 

E s s e n t i a l l y  /-y i s  t h e  s ta tement  i n  t h e  metatheory t h a t  ")/is l o g i c a l l y  

t r u e ,  and it i s  t h i s  r a t h e r  than  i t se l f  which w e  are t r y i n g  t o  

prove,  

Unlike sequent  c a l c u l i  f o r  weaker modal l o g i c s  (Sehutke [ l 9 6 8 ] ) ,  

our  sequent  c a l c u l u s  l e a d s  t o  a  very e f f i c i e n t  proof procedure ,  as 

can be seen  from t h e  f a c t  t h a t  t h e  k law i s  an e x p l i c i t  d e f i n i t i o n  

of k- i n  t e r m s  o f  k% , and t h a t  t h e  remaining twelve laws a r e  

e s s e n t i a l 1  y a c a n  t e x t u a l  d e f i n i t i o n  which e l imina t e s  a l l  occurrences  



o f  t h e  b% symbol which do not  occur  i m e d i i a t e l y  be fo re  an atomic 

sen tence ,  Thus i n  a  proof procedure  based  on t h i s  sequent  c a l c u l u s  

i t  makes no e s s e n t i a l  & f f e r e n c e  a s  t o  which of  t h e  t h i r t e e n  laws 

i s  f i r s t  app l i ed .  Furthermore i t  makes no e s s e n t i a l  d i f f e r e n c e  

t o  which subformula o f  t h e  theorem being proven a  law i s  f i r s t  

app l i ed .  All p o s s i b l e  s t r a t e g i e s  o f  applying t h e s e  laws,  s o  long  

a s  they a r e  a p p l i e d  a s  many t i m e s  a s  p o s s i b l e  w i l l  l e a d  t o  t h e  

s t anda rd  form desc r ibed  i n  s e c t i o n  3 , 2 ,  

3 ,2  The S tandard  Form 

If t h e  r e w r i t e  r u l e s  given i n  s e c t i o n  3 .1  a r e  supplemented 

by  enough laws o f  c l a s s i c a l  l o g i c  which when used  a s  r e w r i t e  r u l e s  

s u f f i c e  t o  pu t  t h e  sen tences  o f  c l a s s i c a l  l o g i c  i n t o  skolemized 

prenex con junc t ive  normal form, then every s en t ence  of our  modal 

l o g i e  w i l l  be  r e w r i t t m  t o  an equiva len t  sen tence  i n  t h e  fo l lowing  

s t anda rd  form: 

(1) F i r s t  a  sequence o f  u n i v e r s a l  q u a n t i f i e r s  

( i e , s k o l e n  f u n c t i o n s )  c o n s i s t i n g  of :  

( a )  o b j e c t  v a r i a b l e  q u a n t i f i e r s :  YX 
(b  j p r o p o s i t i o n  v a r i a b l e  q a n t i f  iers : \bx 

(except  t hose  in t roduced  by t h e  and \-. r u l e s  ) 
i 

( c )  P l o p o s i t i o n a l  v a r i a b l e  q u a n t i f i e r s  i n t roduced  

by t h e  f r u l e  . These q u a n t i f i e r s  a r e  

e s s e n t i a l l y  t r e a t e d  a s  world  q u a n t i f i e r s  a s  t h e  

(World*) hypothes i s  i s  always kep t  next  t o  t h e  

q u a n t i f i e r s :  (vglw(li30rld" w )  + . . , ) ,  

( 2 )  Second a  sequence of e x i s t e n t i a l  q u a n t i f i e r s  

( i e ,  u n i f i c a t i o n  v a r i a b l e s )  c o n s i s t i n g  of :  

( a )  o b j e c t  v a r i a b l e  q u a n t i f i e r s :  3~ 
(b ) p r o p o s i t i o n  v a r i a b l e  q u a n t i f i e r s  : 3 x 

fexcep"chose i n t roduced  by t h e  and i-. I-. r u l e s )  

( e )  Propos i t i ona l  v a r i a b l e  q u a n t i f i e r s  i n t roduced  by 

t h e  t r u l e  . These q u a n t i f i e r s  a r e  

e s s e n t i a l l y  t r e a t e d  a s  FJorBd q u a ~ t i f i e r s  a s  t h e  h r l d " w f  

hypothes i s  i s  always kep t  next  t o  t h e  q u a n t i f i e r s :  

( 3 w(World%) .. . ) .  



(3) And f i n a l l y  a  ma t r ix  c o n s i s t i n g  o f  

( a )  a  c o n j m c t i o n :  A 
( b )  o f  a  a s j u n c t i o n : :  #! ( i e ,  o f  sequen t s )  

( 6 )  of  negated:@ o r  unnegated 

(df atoms c o n s i s t i n g  o f  an enta i lment  sym'bol t% whose 

first  arGummt i s  a v a r i a b l e  q u a n t i f i e d  by a  

q u m t i f i e r  o f  type (Ic) o r  ( 2 ~ 1 ,  and wlxsse second 

argument i s  e i t h e r  ( i )  a v a r i a b l e  q u a n t i f i e d  by a  

q u m t i f i e r  of t p e  ( l b j  o r  Q b ) ,  o r  (ii) a non- 

l o g i c a l  atomic s en t ence  c o n t a k i n g  no v a r i a b l e s  of 

t ype  ( l c )  o r  ( 2 ~ ) ~  

Schematical ly  t h i s  s t anda rd  form can be r ep re sen t ed  as :  

V X  x vw(Wor ld@ w ) + 2~ 3 x  3 w ( ~ o r l d *  W j n  Matrix 

where t h e  ma t r ix  i s  of t h e  form: 

where 7 i s  a  non- log ica l  symbol, 

The f a c t  t h a t  s o r t e d  q u a n t i f i e r s  can be  p u l l e d  o u t  of t h e  

mat r ix  and skolemized can be  j u s t i f i e d  by  t h e  fa_l.lowing theorems 

ofhh- , lass ical  l o g i c  : 

+$Jw: ( v w ( ~ o r l d % ) +  ( s P \ ( t  ~ C k w )  ) ) @  ( s  A. (t%;d(vw(warld.%w) * I " ? ~ B  f 
- 1 3 ~ :  ( 3 w ( @ o r i d S i )  4 (s&(t v b ) )  ) W  ( s A ( t v ( 3  w ( ~ o r l d * ) ~ \ c ) ) )  

Skolem: i j x  T x ~ i V a  ra'-$ry a) )+-3 (ba (Vx rx+V(a x !  )-+(3x ~ x n ? ~  x(il x? ! ) 
The + d w  and -+ 3 w theorems depend on t h e  t r u t h  of t h e  theorem: 

3 w (%rid w j The "a" i n  'fax)" ocaf t h e  Skolem theorem r e p r e s e n t s  a  

skolem func t ion ,  

3,3 

We cons ider  t h e  fragment o f  our modal l o g i c  which does no t  

con ta in  any proposi"cona1 v a r i a b l e s  and where p r o p o s i t  i ons  a r e  n0-t 

o b j e c t s ,  Given t h e  s t a n d a r d  form desc r ibed  i n  s e c t i o n  3 , 2  we can 

prove t h e  completeness o f  t h i s  f ragment r e l a t i v e  t o  c l a s s i c a l  s t  a t e  

l o g i c ,  C l a s s i c a l  s t a t e  l o g i c  i s  a  c l a s s i c a l  q u a n t i f i c a t i o n a l  l o g i c  

conta in ing  "co d i s t i n c t  s o r t s ,  namely o b j e c t s  and worlds  such t h a t  

each non- log ica l  symbol con ta in s  e x a c t l y  one argument p o s i t i o n  which 

con ta in s  a world  v a r i a b l e ,  This  completeness proof i s  c a r r i e d  ou t  

merely by forming asl isomorphism between express ions  of  our modal 



l o g i c  and  e x p r e s s i o n s  of s t a te  l o g i c  by t r a n s l a t i n g  each atom 

k&w(fnxl .  * X n )  of o u r  modal l o g i c  c o n t a i n i n g  an n -a ry  n o n - l o g i c a l  

symbol i n t o  an ( n + l  ) - a r y  atom o f  s t a t e  l o g i c :  (fn+l % -Xn  w) . 

W e  now s t a t e  t h e  Completeness Theorem: 

For eve ry  s e n t e n c e  (a) of t h i s  f ragment  o f  o u r  modal l o g i c ,  t h e r e  

i s  an equi -valent  s e n t e n c e  (b) of o u r  modal l o g i c  such  t h a t  t h e r e  

e x i s t s  a  s e n t e n c e  (s) of c l a s s i c a l  s t a t e  l o g i c  which i s  isomorphic  

t o  ( b j ,  T h e r e f o r e  ( s )  i s  p r o v a b l e  i f f  ( b )  and ( a )  a r e  p r o v a b l e .  

Using t h i s  isomorphism we may a l s o  o b t a i n  an E x p r e s s i b i l i t y  Theorem 

f o r  o u r  modal Logic:  

For e v e r y  s e n t e n c e  ( t  ) o f  s t a t e  l o g i c  t h e r e  i s  an e q u i v a l e n t  

s e n t e n c e  (s  ) o f  s t a te  l o g i c  i n  skolemized p r e n e x  c o n j u n c t i v e  

normal form such t h a t  t h e r e  e x i s t s  a  s e n t e n c e  jbj o f  our  modal 

l o g i c  which i s  isomorphic  t o  ( s ) ,  

The e x p r e s s i b i l i t y  theorem shows t h a t  e v e r y t h i n g  e x p r e s s i b l e  i n  

s t a t e  l o g i c  i s  e x p r e s s i b l e  i n  our  modal l o g i c ,  

4 ,  

There  a r e  a number o f  p o t e n t i a l  a p p l i c a t i o n s  of modal l o g i c  

t o  A r t i f i c i a l  I n t e l l i g e n c e .  We s h a l l  mention o n l y  two, Tn 

s e c t i o n  4 ,1  w e  s h a l l  d e s c r i b e  i t s  a p p l i c a t i o n s  t o  m e t a t h e o r e t i c  

r e a s o n i n g ,  and  in s e c t i o n  4,2 we s h a l l  u s e  it t o  de f ine  v a r i o u s  

Epis temologica l  c o n c e p t s ,  

4,1 

Our iklodal Logic i s  p o t e n t i a l l y  u s e f u l  i n  any s c i e n t i f i c  t h e o r y ,  

which one  i n t e n d s  t o  ~mplernent  a s  a program, and which i n v o l v e s  b o t h  

t h e  e x p r e s s i o n s  of a l anguage ,  a n d  t h e  meanings of those  e x p r e s s i o n s ,  

The r e a s o n  f o r  t h i s  i s  t h a t  o u r  modal l o g i c ,  b e c a u s e  i t  c a p t u r e s  t h e  

not ion  of l o g i c a l  t r u t h ,  when supplemented by a meaning f u n c t i o n  

(Brown [ l ~ ~ d ] )  i s  bo th  a d e q u a t e  t o  r e p r e s e n t  r e a s o n i n g  abou t  

expxess ions  sod t h e i r  meanings,  and i s  c o m p u t a t i o n a l l y  b e t t e r  t h a n  



any o t h e r  known system which i s  capable  of such reasoning ,  The 

reason our rnadal Logic is computa t iona l ly  b e t t e r  than  o t h e r  systems 

of  me ta theo re t i c  reasoning such a s  model theory ,  i s  due t o  i t s  

inhe ren t  s i q l i c i t y  and t h e  e x i s t e n c e  of a sequent c a l c u l u s  f o r  i t ,  

k d e l  Theory, which depends on s e t  t heo ry ,  by cornparisan i s  extremely 

camp l ex, 

One p a r t i c u l a r  a r e a  i n  which such m e t a t h a r e t i c  reasoning seems 

e s p e c i a l l y  impor tan t ,  i s  i n  cons t ruc t ing  t h e o r i e s  of n a t u r a l  language 

unders tanding,  I t  i s  easy t o  s e e  t h a t  such a theory  must involve  

both n a t u r a l  language express ions  a d  t h e i r  meanings. An i n i t i a l  

proposal f o r  t h e  u s e  of me ta theo re t i c  reasoning i n  n a t u r a l  language 

unders tanding i s  given i n  Brown and Schwind [T978a] and Brown and 

Schwind II 9 70b 1, 

Bur modal l o g i c  may a l s o  b e  used to d e f i n e  i n t e n s i o n a l  concepts  

such a s  b e l i e v e ,  and know, If rve l e t  ( b e l i e f s  E j  r e p r e s e n t  t h e  

b e l i e f s  of a robot  E expressed a s  a conjunc t ion  o f  axioms, then w e  

can say t h a t  a robot  E b e l i e v e s  something iff it i s  e n t a i l e d  by his 

be1 k e f s  : 

(Be l i eve  E x )  = df j-- ( B e l i e f s  E)x 

Furthermore w e  can say t h a t  a robot  E knows something i f f  E 

b e l i e v e s  it and i t  i s  the case, 

(XGnow E x )  = df (Bel ieves  E x )  A x 

From t h e s e  d e f i n i t i o n s  i t  fo l lows  t h a t  Be l ieve  possesses  p r o p e r t i e s  

o f  a deon t i c  S5 modal l o g i c ,  and Know possesses  t h e  p r o p e r t i e s  of  

an S4 modal 3ogi6,  

5 ,  Conclusion 

W e  have given a n  axiomizat ion of a modal q u a n t i f i c a t i o n a l  

l o g i c  which cap tu re s  t h e  no t ion  of l o g i c a l  t r u t h .  W e  have then 

de f ined  a complete sequent  l o g i c  and f i n a l l y  have desc r ibed  some 

a p p l i c a t i o n s  o f  i t  t o  A r t i f i c i a l  I n t e l l i g e n c e ,  
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ANALYSING AED REPRESENTING NA I, LA_NGUAGE I N  LOGIC 

F M Brom C B Schwind 
University of Edinburgh Teehnische ~niversitgt ~iinchen 
Eainburgh, Scotland  kch hen, B,R.D, 

Abstract 

We describe the basic idea of a theory of natural Language wzderstanding 
in which the meaning of natural language text and the laws for natural 
language analysis are both represented in logic, 

1, Introduction 

The basic idea of our theory (~rowr-i and Schwind, 1978) of natural 
language understanding is that Laws for the description of the syntax of 
natural language, laws for the translation of natural language into 
meanings, and the representation of those meanings are all written in a 
single representation language, 

This representation language is B r o m B s  (1978) modal 
al logic supplemented by the meaning function described in Brown (13773. 
The reason we use this theory as our representation language is that it 
is computationally efficient, and is capable of representing the meta- 
theoretic reasoning about expressions and their meanings which is 
necessary for the dismbiguation of natural language text, We believe 
that a theory of this nature has important scientific and methodological 
advantages over other tnes of theories of natural language understand- 
ing in that we wi51 be able to precisely and concisely state laws in- 
volving all aspects of the process of natural language widerstanding, 

2 ,  ' Fomal Orientation 
The syntax of our the~ry of natural Language includes logieal 

connectives such as and:A , or: k", if ... then: + s., i f f :++ , not: .t, , 
true: @ , and false: . It also includes logical quantifiers such as 
For all:v and there exists:j ; Equality: =)  and description operators 
such as iota:d and the which obey the laws: 

( ~ 3 y  ( t j x  ?x +-+ x=y) A YNil) 
(the x Yx) = cir 7 ~ (  ~ X A ~ ~ I  

where$ is a lynguistic function which we leave undefined, 

Our theoq- includes modal connectives such as Logical truth: b 
entailment: binary k and possibility: 0 , ( ~ r o m ,  1978) and tense 
operators such as Present, Past, and Fukure, (~chwind, 1977, 1918~) 

It also includes LISP like operators to f o m  structural descrip- 
tive nmes of expressions from nmes of symbols, Nmes of symbols are 
formed merely by prefixing an. accent sign to that sign, Ilao-te however 
that such nmes are constant s~ymbols of our language, 4, name of an 
expression is formed by representing it as a List of the nmes of the 
sub-expressions occurring in it. A list such as [xl . . . x n l  is - 
an abbreviation for (cons xl . . . (~ons x ~il! . . . ), where Cons is an 
ordered pair and Nil is not an orzered Finally we have a fwnctior, 



M which produces t h e  meaning of (a lmost )  any express ion  ( ~ r o w n ,  1977).  

3, Pa r s ing  and Trans l a t ion  

Pa r s ing  and t r a n s l a t i o n  laws a r e  represented  i n  our  theory  by non- 
l o g i c a l  laws o f  t h e  form: 

PT ( Axe-xn z ) t - " ~ x l ~ ~ x 2 , . .  1 xn( A l  xo-xl z l j  A ( A 2  x1-x2 2 2 ) ~  . . . A(  An xn-1 - xn zn) 

The x i  a r e  l i s t s  which con ta in  va r ious  p a r t s  of t he  sen tence  which i s  
being parsed ,  x-y denotes  t h e  d i f f e r ence  l i s t  of x and y, e e g e  [%he 

e 

?boy ? i s  %an8sor?le.l- Lais "handsome2 = L Y h e  % o y J .  The axiomPT 
i s  t o  be read  a s :  xo-xn i s  a n A  and i s  t r a n s l a t e d  i n t o  z i f f  xo-xl i s  
a n A l  and i s  t r a n s l a t e d  i n t o  z l  and x1-x2 i s  a n ~ 2  and i s  t r a n s l a t e d  
i n t o  22 and ... xn-l - xn i s  an An and i s  t r a n s l a t e d  i n t o  zn. 

( 5  xo- ['-][z zo 3) cr: 3 x 1  'lx2(~N xo-xl ~ ~ ) A ( V B E  x l - x 2 ) / \ ( m J  x2-[2 z) 

xo-% i s  an S ( s en tence )  and i s  t r a n s l a t e d  i n t o  Cz z01 i f f  x O a l  i s  
a PN ( ~ r o ~ e r  name) and i s  t r a n s l a t e d  i n t o  z0 and x l -x2  i s  a  VP 
(ve rb ,  t o  b e )  and x2- t 3 i s  an ADJ ( a d j e c t i v e )  and i s  t r a n s l a t e d  i n t o  - 
i s 

Using t h i s  axiom t o g e t h e r  wi th  t h e  fol lowing axioms: 

kre can pe r se  and t r a n s l a t e  t h e  fol lowing sentence:  

(1)' (s' (John i s  handsome)- [ J  [ z zol 

( 2 )  1x1 3x2 ((PN ' ( John  i s  handsomel-xl zo)  A (VBE X ~ - X ~ ) A ( A D J  xZ?-L3 z)) 

(31 3x2 ( (PN LQ&n."is handsome)] - ' ( i s  handsome) zo) 

(VBE ' ( i s  hzndsome)-x2) A (ADS x2-CJ z ) )  

(4) ( ' John  = ' ~ o h n ) k a ( z o  = ' S O ~ ~ ? ) ~ , ( V B E  Pis, 'handsomef -%handsone) 

(AD3 cfhandsome,C]] -[l z) 
(5) zo I.: '30m27 A ' i s = V s  /ahandsome=fhandsome A. z-'WDSOME: 

f i g u r e  1 an example g r  ar expressed i n  o w  l o g i c a l  theory .  
ar i s  a small  p a r t  o f  S i n d t s  (1978a, 1 9 7 8 ~ ~  1918d) a t t r i -  

buted f e a t u r e  g r  ar f o r  English.  A s i m i l a r  g r  a r  f o r  German i s  
descr ibed  i n  Schwind (1977)~  

Although t h e s e  g r  a r s  t r a n s l a t e  n a t u r a l  language t e x t  i n t o  
l o g i c a l  express ions  a s  d i d  Montague s  (1974 ) n a t u r a l  language theo ry ,  
our theory  i s  supe r io r  i n  t h a t  it i s  no t  based on t h e  l i n e a r i t y  assmp-  
t i o n  t h a t  i s  inhe ren t  i n  Montague" theory  which fo rces  t h e  use  of  
h igher  types  of  func t ions  a s  memings of words, That i s ,  we do not  
a s s m e  t h a t  most words have a meaning i n  and of  themselves,  and t h a t  t h e  
meaning of a texk i s  ob ta ined  by a  s e r i e s  of f rurct ional  compositions of  



the meaning of the words oecmring in it, as did Mantague, Rather we 
assume that rnany words have meaning only in certain syntactic contexts, 
as did Frege (D t, 1973) in his doctrine on incomplete expressions, 
This allows us to dispense with the whole edifice of i.lontaweFs higher 
order intengional logic with its computationally inefficient, if not 
impossib&e, artificial. set theoretic constructions of word-meanings, 
and to use instead Brom$s (1977, 1978) simple asld eonputationally 
efficient first order modal logic m d  theov of meaning, 

4, 
One of the nain problems of sptactic analysis is the ambiguity of 

natural language. For ex,anple, th'ere are two &iff erenL syntact ically 
correct parsings of each of the following sentences: 

(11 The tree in the garden whieh has cones is pretty. 

(2) The tree in the garden which has roses is pretty. 

It shodd be clear that for senantic reasons we would like to parse the 
second sentence as parsing (B) and never as parsing (A) because it is 
false to claim that trees have roses, (6ee figme 2 ) ,  

From figure 2 we see that the MG which is nearest to the root of the 
parsing tree is ambiguous ; nmely, in f A )  NG is an NG3 whereas in IB) 
it is m NG2,  Clearly then h a t  we need to do is to modify the NG 
miom of figure L so as to state that if both NG3 and NG2 parsings are 
possible then we wmat to reject one of them on semantic groxrlds, That 
is we want to say that the parsing accepted by the NG law should be the 
parsing proedced by the NG2 law only if either there is no parsing pro- 
duced by the NG3.law or if there is one and the meaning of the logical 
expression which is the translation of the natural language expression 
parsed by the NG2 law is consistent with our howledge of the world asad 
tht second meaing is not, This would allow us to reject the parsing 
which claimed that a tree has roses since we would expect: 

AJ 2 ge 33~ TREEx A R O S ~  A FASw to be deducable from. general know- 
ledge, 

We modify the NG law as follws: 

( (mcr XO-XX VO-V-L y 2 ) 

V((NG~ xo-xl vo-vl y z ) ~  ( ~ Z I ( - . ~ ~ ( R G ~  xa-xl vo-vl y Z Z ] ) ~  

Q ( N  A~~ C"J ti1 ) A N Q ( W A ~ M C ~  d 111  
( (RG3 xo-KL uo-vl y z 1 A ( zl (a ,  3 g r ( ~ ~ 2  xa-xl vo-vl y zl) V 

O ( @ A  + J M C ~  & ] ) A ~ ~ ( ~ & ~ M [ ~ ~  z~"J ) I!! 
The symbol w represents a conjmction of the nonlogical axioms express- 
ing facts of the "real worldB', F4 is the mem??lg mction described in 
Brow (1977), "M&'& z]is the meaning of the existential elaswe of z. 
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F i g u r e  2 ,  The exaaple Gramnar 

(SENT xo-xl vo-v?. 2) c-* (SENTI. xo-XI v@-l z) 't/ (SEN;; xo-xl vo-1 2) 

V (SEX3 xa-xl vo-vl  z)  

(SZNTl xo-x3 vo-vl Czo(subst Cz2 y3 f o r  * in z l ) 3 )  ++ 

3 X I  3 x 2 ( ( ~  xo-xl vo-r j. ~ 1 )  ( v s ~  XI-x2 zo) A (PBJ X Z - X ~  22)) 

(SMTZ xo-x3 vo-.r2 

Eccadr zo) ( s u b s t ( s u b s t C ( c a r  z o l y l  y21 f o r  * i n  22) f o r  * i n  t l ) ? )  +-+ 

3 ~ 1 3 x 2  VI((P;P XO-XI VO-VI YI y l  21) A (w ;rxl-x2 20) A (SP x 2 - x ~  ~ 1 - v ~  ~2 2211 
(SMT3 xa-x4 vo-v2 

C ? ~ z o ( s u b s t ( s u b s t  ( c a r  z 3 ) y l  yZ1 f o r  * i n  22) f o r  * i n  z l ) 1 3 . + +  

3xlqx2xX3 vl(IVDO xa-xl zo) & (iV XI-x2 va-vl z l )  A 

{VT x2-x3 23) (NP x3-x4 v l u 2  y2 22))  

(CLAUSE xo-x3 vo-vl y l  C (cadr zo) ( s u b s t [  ( e a r  20) yl y21 f o r  * i n  z 1 ) 3 ) - ~ -  

3 x l 3 ~ 2 ( ( ~ ~ t P R O ? i  xo-xl) A (VT XI-2 z o )  (NP x2-2t3evo-ul y2 21)) 

(Eie xa-x: vo-vl y z )  ++ ((NPl xo-xl  v o - v l  y z)  tJ (NP2 xo-xl vo- -~I  y z)  V 

(NP3 xo-XI vo-.rl. y z)  V (NP4 x o l x l  v o v l  y r)) 

(NPX xo-xl v o v l  y C '  yKz 'A * I 3 9  ++ (NG xo-xl v o v l  y z )  

(NP2 xo-x2 va-vl y [ ( c a r  z l )  y [z2 ( e d r  z l ) * l l )  ++ 

2 x l l ( ~ E T Q  xo-xL z l )  A (KG x1-x2 v o v L  y z ) )  

@P3  xo-x2 vo-vl  [ ' t h e  y zl*) +-+ 

~ ~ ~ ( ( D E T D  xo-XI) A (NG xl-x2 vo-l y 2) )  

@T4 xo-x l  Cy ,v l l -v l  y Cz y "1) ++ CPRON so-xl. z) 

@G xa-xl va-vl  y z)  ++ 

(@GI xo-xl wo-vl y z )  \d (NG2 xo-xl vo-vL y 2) V (KG3 x o l t l  -~o-=vl y 2)) 

(NGl xo-XI t y , v l l  -vl y 12 yJf  ++ (N xa-xl z) 

(NGZ xa-x2 vo-2 y l  Czl 3 221) ++- 

J X ~ ~ V I  ( J N G  ~ a - X I  V ~ - V I  Y I  ~ 1 )  A (PP X I - X ~  VI-2 y~ y2 22)) 
t 
m G 3  xo-x2 VO-2 y l  K z l  ' A  z23) "-" 

J x i ? ~ l  ( ( K G  XO-XI V O - ~ l  fl. 21) (GLWSE XI-2 ~ l - v 2  y l  2 2 ) )  

(PP xa-x2 vo-vl yo y l j s u b s t  Czo yo y l l  f a r  * i n  21))  

J X Z ( C P P E P  xa-x% zo)/ i (NP xI-x2 VO-l y l  zl:) 

Lexicon 

(DETD Cx.xo1-xo) ++ x=%e 

( n m q  Cx,xo3-xa z) c-9- ( ( ( x = ' a r / x = ' s o r n e ) ~  z=[" 'A 11 V 

( ( x = b l I V  x='every)  z=CPV '+I)) 

jN[x.xol-xo z )  ++ 

(((x-.. ' t r e e  \d x=' t r e e s )  z= 'TREE) \d C(x='garden V xr 'garJe-s)  A z = % ~ r l ~ ~ " c S )  

%/((x='rose V x=%oses )  ;\ z='ROSE) \/ ( ( x = k c m ?  V xx='eones)  4 z='CD::E)) 

(;iDJCx+xa2-xo 2) ++ ( ( x = ' p r e t t y  z='PRETTY) V ( x = ' r r d  A z = ' E D ) )  

(FXE?Cx,xol-xo z )  +- (:c-'in A z='I?!) 

(V3ETs.xol-xc z j  c-. ( ( x = ' i s  A z='PRFSENT) V (x='was z='PAST)) 

((\'US ,:.xo -xo z) ++ ( ( ( x = ' d o  \ / x = ' d o e s )  z-'PRESE:U'T) V (x='dLd /i z="&ST)? 

(VTrx.xal-xo z) ++ 

j ( ( x = ' o ~ m  \, x=soip,s) A z = ~ ' ~ ~ c $  "PPEsE::T:) at. (x='oxmed A z=Cqoar  'P:ISTI)"J 

( (x -  grow k' ~ = ' g r n w ~ )  2%; 'GRO:.: T ? ~ ~ ~ ~ ~ l )  \d C (x= 'greir z=[ 'GRO!J 'PAST]) \/ 

((x='had Ld x='has) A z=:'F&S 'FZSEST!) 'Q (x='had z=C'FAS ' P I \ S T I ) )  

(RELPROZJ t x  .xcl-xo) - \/ x="hat V' X= k%o) 

(PRO?$ [x .xol  -xo z) "- ((x=='soxebody z=' 3 1 \/ (xm 'everybody zp't/ ) 
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I, Abstract 

In October 1975 we started a ehree year SRC supported project 
on "A Progrm to Solve Mechanics Problems Stated in English", 
This project is now beginning its third year and many of its 
initial objectives have been achieved. In this paper we briefly 
review the progress that has been made and discuss some of the 
more promising areas of research that we have uncovered, 

The structure of the paper is as follows: 

Section 2 The current state of the project 
Section 3 An annotated exan?ple 
Section 4 Towards a computational logic for 

natural reasoning 
Section 5 Investigations of Syntax-semantics 

interaction 
i Conclusion and References 

The original objective of our project is s 
following quotation from the 1975 grant application: 

"Qur objective then, is to write a program which can solve 
Mechanics problems, of the kind given as exmples in 
Bmphrey (1957) pl-90, We will concentrate on writing a 
program which can extract equations, given a surface level 
meaning representation obtained from the statement of the 
problem in English, If we make suitable progress on this, 
we would like to extend the program, so that it would accept 
problem statements in English," 

This proqrm, entitled MECHO, now salves a nlamber of mechanics 
problems, The program centres arovnd an algori- 
for extracting equations based on MarplesVl974) study of Cdridge 
Engineering Students (for furttier details, see Bundy et al 137Sa1, 
This algori- in turn calls on various inference rules to draw 
conclusions from the input meaning representation, The equations 



extracted can be fed to an equation solving program written by 
R,K,Welham, 

As might be expected, our current descriptive theory differs 
s-ubstantially from our ideas in 1975, The three stages of meaning 
representation (surface, deep and deep with quantities) have been 
merged into one, which is gradually added to in the course of prob- 
lem solving. We now make use of far mare high-level descriptions 
than envisaged in 1975 and have single predicates and associated 
schemas (Frames] for whole pulley syscems (Luger and Bundy 1977b) 
and for particL~s in motLon (Bundy 1377a1, 

The PROLOG programming language (Warren 1977) was chosen for 
all our programs and has proved quite successful, It has provided 
the important tools of an assertional database, pattern-directed 
invocation and a search facility as well as extra-logical evaluable 
predicates to modify the simple backtracking control structure, 
Our experiences wi.th PROLOG are recorded in Bundy l976b and Bundy 
and Welhm l977d, 

Our original approach to problems of search control consisted 
in carefully designing and debugging inference rules within the 
basic PROLOG inference system. As more problems were tackled, 
generalisations were noted and some of the control information was 
incorporated in the inference system, This is leading to the de- 
sign of a computational logic for natural reasoning based on our 
experience of mechanics problem solving (see section 4 ) -  

It was usually possible to rely on our own intuitions and ex- 
qerience of mechanics problem solvirig to design inference rules and 
descriptive terns, Occasionally, however, it was useful to invest- 
igate disputes or illuminate difficulties by examining protocols of 
expert problem salvers, The results of these protocol analyses 
are described in Euger l977a, 

We have progressed further than originally intended with the 
extension to allowing English input to the program, Since we were 
unable to find a consensus on the kind of meaning representation 
that might be output by a natural language "front end"', we were 
forced to develop the natural larlguage processing and problem solving 
programs in parallel, Our first programs took as input a syntactic 
parse from SouL8s (19751 existing parser and produced a suitable 
meaning representatior, (see S.tone l976], Later efforts to produce 
a unified program have introduced interesting issues of syntax-se- 
mantics interaction (Palmer 1977 and Mellish 1977) and demonstrated 
the value of studying natural language processing and prablem solv- 
ing in the same system (see section 51 ,  

The three major problem areas "cat have been concentrated on 
so far are those involving pulleys, the motion of particles on 
complex paths and .the mation of particles moving under constant 
acceleration., Each of these is described below with an indication 
of the representational issues involved and an account of one of 



t he  problems solved by t h e  MECHO system, Most of  these  problems 
have been t r a n s l a t e d  by hand i n t o  Predica te  Calculus a s se r t ions  
s u i t a b l e  f a r  inpu t  t o  t h e  program, although some have been pro- 
cessed by the  n a t u r a l  language p rogrms ,  

"Two p a r t i c l e s  of  rnasses 6 and lOlbs a r e  connected by a l i g h t  
s t r i n g  passing over a smooth pu l l ey ,  Find t h e i r  common acce le ra t -  
ion and the  tens ion i n  the  s t r i n g , ' "  

Pulley system problems were used t o  develop t h e  desc r ip t ive  
theory e s p e c i a l l y  t h e  dse of  schemas t o  descr ibe  high-level  ob jec t s  
l i k e  pul ley  systems, Also the  problem above was the  main working 
e x a p l e  f o r  the n a t u r a l  Language processing programs, 

The p a r t i c l e  s t a r t s  from r e s t  a t  G ; given h 
1" 

h2 and T w i l l  
a 

it reach p a i n t  G 3 
d" 

This problem was used t o  explore the  representa t ion  of motion 
and t h e  technique of hmotheses  making and t e s t i n g ,  These " r o l l e r  
coas ter"  problems r e l y  heavi ly  on diagrams f o r  t h e i r  desc r ip t ion ,  

i and no attempt was made t o  input  eikher d i a g r a m a t i c  o r  English 
desc r ip t ions  o f  them, 

"The d is tance  between two s t a t i o n s  i s  2000 yds, An e l e c t r i c  
t r a i n  s t a r t s  rom r e s t  a t  one s t a t i o n  w i t h  a uniform acce le ra t ion  5 
of a l  f t / s e c s  . It corn s t o  r e s t  a t  another s t a t i o n  with a uniform 2 
re t a rda t ion  of a2 f t / s e c  . The speed f o r  the  intermediate por t ion  
of the  journey i s  constant ,  Find the  cons tant  ve loc i ty  i f  the  
journey i s  t o  be completed i n  m r e e  minutes*' '  

These problems were used a s  a vehic le  f o r  exploring the  rep- 
r e sen ta t ion  of time, This example motivated a package f o r  eon- 
ve r t ing  a11 u n i t s  i n t o  a compatible s e t  (e ,g .  yards and minutes 
above i n t o  f e e t  and seconds) ,  I t  a l s o  provided some 
f o r  the  na tu ra l  language processing,  i , e ,  how t o  parse '"stars 
from r e s t ' b e t e ,  recognizing the  r e f e r e n t  t o  "Tt" and associa t ing  
2000 yards with t h e  path of  the  t r a i n ,  

3 ,  Annotated Examale 

To give a c l e a r e r  p i c t u r e  af how the  system a c t s  a s  a whole 
and how the  individual  p a r t s  opera te ,  we w i l l  now b r i e f l y  descr ibe  





with m a s u r e  b and only t h e  f i r s t  p a r t i c l e  has t h i s  mass, The 
d e f i n i t e  a r t i c l e  i n  ' W e  a c c e l e r a t i o n ' h a n n d  be i n t e r p r e t e d  i n  
t h e  same sense a s  t h i s ,  s ince  t h e  values of funct ions  of ob jec t s  
( l i k e  acce le ra t ions )  can be re fe r red  t o  by d e f i n i t e  phrases w i t h -  
o u t  t h e r e  being previous s p e c i f i c  knowledge of them, However, 
i n  t h i s  case the  acce le ra t ion  has a l ready been introduced by the  
pul ley  system schema, m d  so  it i s  n o t  necessary t o  c r e a t e  a  new 
o b j e c t ,  F ina l ly  the  second sentence i s  i n t e r p r e t e d  a s  a  whole, 
The meaning of  " f ind"  i n  t he  imperative involves marking c e r t a i n  
q u a n t i t i e s  a s  "sought" f o r  t h e  equation so lve r ,  W i t h  t h e  reach- 
ing  of t h e  end of t h e  problem, a l l  o the r  q u a n t i t i e s  t h a t  have 
keen introduced and spec i f i ed  can be marked "given". 

The following c lauses  a r e  the  r e s u l t  of the  n a t u r a l  
language ana lys i s :  

i s a  ( p a r t i c l e ,  p l )  , i s a  ( p a r t i c l e ,  p2 1 , i s a  ( s t r i n g ,  s l )  
i s a ( p u l l e y ,  p u l l ) ,  e n d ( s l ,  end l ,  r i g h t ) ,  e n d ( s l ,  end2, l e f t )  
f ixed  con tac t (end l ,  pl, p e r i o d l ) ,  f ixed contact(end2,  p2, p e r i o d l l ,  
midptTsl, midptl) , f ixed  contac t  (midptl, p u l l ,  pe r iod l )  
mass ( p l ,  massl,  periodl) ,  mass (p2, mass2, pe r iod l )  , mass (s l ,  zero ,  

pe r iod l  1 
coef f ( p u l l ,  zero)  , measure (massl , b) , measure (mass2, c )  , 
acce l  ( p l  , a l  , 270 ,  pe r iod l )  , period (pe r iod l )  , 
sought ( a l l  , given (mass11 , given (mass2 1 , 

i n  add i t ion  t h e  follawing schema i s  cued: 

pu l l sys  - stan ( s y s ,  p u l l ,  s l ,  p l ,  p2, pe r iod l )  , 

The backward reasoning Marples Algorithm then at tempts t o  f i n d  
an equation t h a t  expresses t h e  sought quan t i ty ,  a l ,  i n  t e r n s  of the  
given w a n t i t i e s  b, c ,  a d  g (-the g r a v i t a t i o n a l  c o n s t a n t ) ,  a l  i s  
inves t iga ted  and information i s  ex t rac ted  which focusses the  
Marples Alqoritlvn and narrows t h e  range of equations t o  be consider- 
ed,  I n  t h i s  case the  only equations considered a r e  those  obtained 
by resolv ing forces  about t h e  p a r t i c l e  p l  and p2, Only one of 
these  i s  needed a t  t h i s  s t a g e ,  namely the  r e so lu t ion  of Eorces &out 
p l  : 

- b e g  + t ens ion l  = k . a l  

This sa lves  f o r  a l  bu t  introduces a new unknown t e n s i o n l ,  t h e  
tens ion i n  the  s t r i n g .  

This tens ion was not  mentioned i n  the  o r i g i n a l  problem s t a t e -  
ment, b u t  was introduced by the  pul ley  system schema i n  the same 
way a s  t h e  acce le ra t ions  of t h e  p a r t i c l e s .  Other information in -  
troduced by the  pul ley  system schema inc ludes ,  f o r  ins t ance ,  t h a t  
the  s t r i n g  is  divided i n t o  two s t r a i g h t  segments with i n c l i n a t i o n s  
of 9a0 and 270° respec t ive ly ,  Thus t h e  schemas a r e  used t o  f i l l  
i n  ""gaps" between what i s  given i n  the  problem statement and what 
i s  needed t o  solve the  problem, 



The o the r  "gap E i l l i n g "  mechanism i s  the  backwards inference  
process i n i t i a t e d  by equation ex t rac t ion ,  In t h i s  example back- 
wards inference  is  responsib le  f o r  deducing t h a t  the  tens ion of 
each of t h e  s t r i n g  segments i s  t e n s i o n l  and f o r  working ou t  the  
c o h i n e d  fo rces  ac t ing  on the p a r t i c l e s ,  

The Marples Algorithm now t r i e s  t o  f i n d  an equation which 
expresses t e n s i o n l  i n  t e r m s  of a l ,  b, c, and g. At tent ion  i s  
focussed on resolT/-ing fo rces  about p l ,  p2 o r  the  pul ley .  Re- 
solving about p l  i s  r e j e c t e d  because t h a t  equation has already 
been used, Resolving about p2 is  p re fe r red  over resolv ing about 
t h e  pu l l ey  because it introduces no new unknowns, The r e s u l t i n g  
equation i s :  

c ,g  - t ens ion l  = c . a l  

Before being solved the  equations a r e  checked t o  see  t h a t  
+hey a r e  a l l  i n  t h e  same u n i t s .  Solut ion i n  t h i s  case  i s  very 
simple and merely involves e l iminat ing  tens ion1 t o  give 

One of m e  o r i g i n a l  aims of the  p r o j e c t  was t o  see how domain 
s p e c i f i c  knowledge could be used t o  con t ro l  inference  i n  a  semantic- 
a l l y  r i c h  domain, Inference r u l e s  were designed with ca re ,  t o  
avoid superfluous-search wherever poss ib le ,  Program t r a c e s  were 
examined t o  spo t  f a l s e  t r a i l s  and inference  r u l e s  debugged t o  avoid 
them i n  the  f u t u r e ,  Eventually these  r u l e s  were r idd led  w i t h  ad 
hoc cont ro l  information, 

I t  then became c l e a r  t h a t  much of  t h i s  con t ro l  information 
could be general ized and t h a t  it would then cease t o  be domain 
s p e c i f i c  and become spp l i cab le  t o  any i n f e r e n t i a l  system, The 
two s p e c i f i c  genera l i za t ions  t h a t  we descr ibe  below a re :  (i) the  
exp lo i t a t ion  of function p roper t i e s  (Bundy 1 9 7 7 ~ )  and (ii) the  use 
of s i m i l a r i t y  c l a s s e s  (Budy  19781, W e  hope t h a t  t h i s  gradual 
process of genera l iza t ion  w i l l  l ead  t o  a  computational l o g i c  f o r  
n a t u r a l  reasoning, That i s ,  an i n f e r e n t i a l  mechanism containing 
b u i l t  i n  con t ro l  p r imi t ives  which have already proved t h e i r  use- 
fu lness ,  

The f i r s t  genera l iza t ion  i s  the  exp lo i t a t ion  of  function 
p roper t i e s ,  One of the  p roper t i e s  o f  funct ions  i s  t h a t  they 
g ive  unique values,  This uniqueness can be used both (i) t o  
t rap  u n a c h i e v d l e  goals  before they a r e  c a l l e d  and (ii) t o  prune 
sulrtsequent search a f t e r  a  f i r s t  value has been found, For i n -  
s tance ,  if it i s  known t h a t  f ( a )  = b then it is  not  poss ib le  t o  
prove t h a t  f ( a )  = c M e r e  b f c, In msny cases it i s  poss ib le  
t o  t r a p  the  machievable  goal f ( a )  = c befiire it i s  c a l l e d ,  
S i d l a r l y  i f  the  value ef f ( a )  i s  req~ ies ted  and shown t o  be b it 
i s  s i l l y  t o  request  a l t e r n a t i v e  values of f ( a )  on backtracking 
and the  p o s s i b i l i t y  can be pruned from the  search t r e e ,  



It might be felt that functions occw only in mathematical 
reasoning. In fact they are comon in everyday reasoning but 
often go unnoticed, For instance: 

at is a function from objects and times to locations 
Final is a function from periods of time to their final moments 
Koaerof is a function from m als to their mothers. 

In our inference system it is only necessary to specify that a 
particular relation is a function from some argments to others 
far the appropriate control re9ime to be brought to bear. A re- 
lation can even be a function in more than one way e,g. the re- 
lation Timesys between a period and its initial and final moments 
can be a function in three ways, 

The second generalization is the use of similarity classes, 
This was a tecknique originally developed to control the equality 
relation, In fact, it is applic&Xe to any relation with trans- 
itive, symmetric and reflexive properties and again this is a far 
wider class of relations than is generally appreciated, The idea 
is to put similar objects in classes with a distinguished element 
(the root), so that si~larity between two objects can be tested 
by looking to see whether they are in the same class (Lee. point 
ta the same root), This test Is highly efficient compared to 
the infamous explosive search properties of the transitive and 
symmetric laws, 

The standard way to represent similarity classes is by trees, 
with the root as distinguished element, Below are some sample 
trees for (i) equality, (ii) the sameplace relation (two objects 
are in the same place) and (iii) the factor relation (giving the 
conversion factor between.'two units of the same dimension).. 

(i) equality Sandra k husband David's father 

Robert 

liii) factor 

the Imppost 
i 

the korner 

inches 
\ 12 
feet miles 

l/l760 
yards 



S l i g h t  modificat ions of the  o r i g i n a l  techniques a r e  needed 
f o r  some r e l a t i o n s ,  For ins tance ,  i n  t h e  case of sameplace a 
d i f f e r e n t  s e t  of c l a s s e s  i s  needed f o r  each time period o r  moment, 
For f a c t o r  it i s  n e c e s s a q  t o  l a b e l  t h e  a r c s  with conversion f a c t a r s ,  
These need t o  be mul t ip l ied  together  a s  t h e  a r c s  a r e  t r ave r sed ,  
t o  f i n d ,  say, the  conversion f a c t o r  between inches and mi les ,  

The tlaECHO program conta ins  a  genera l i za t ion  of the  s imi lar -  
i t y  c l a s s  machinery and appropr ia te  r e l a t i o n s  can be defined 
simply i n  t e r n s  of it, 

In the  a r e a  of na tu ra l  language processing,  one of  our main 
aims i s  t o  study the  process-control  i s s u e s  of e f f i c i e n t  na tu ra l  
language pars ing  - t h e  type of  decis ions  t h a t  have t o  he made and 
the  ways t h a t  s y n t a c t i c  and semantic processes can i n t e r a c t  t o  
b e s t  advantage, I t  i s  the  process of reference evaluat ion t h a t  
has concerned us mainly, 

Winograd 11972) has shown t h a t  evaluat ing  references ea r ly  
i n  t h e  pars ing  can be useful  i n  resolv ing s y n t a c t i c  ambiguity, 
Thus i n  the  sentence: 

Put the  pyramid on t h e  block i n  the  box, 

which i s  apparently a d i g u o u s ,  only one reading i s  acceptable i n  
a  context  where t h e r e  a r e  no pyramids on blocks,  The absence of 
a  r e f e r e n t  t o  ' t h e  p y r a i d  on t h e  block'  i s  used t o  ensure 

t t h a t  another  i n t e w r e t a t i o n  i s  taken,  

However, t h e r e  i s  not  always enough i n f o m a t i o n  i n  a  noun 
phrase t o  d e t e m ~ i n e  the  r e f e r e n t  uniquely ( f o r  ins t ance ,  i f  it i s  
a  pronoun, t h i s  i s  r a r e l y  s o ) ,  Thus Winograd was forced i n t o  
adopting discourse h e u r i s t i c s  t o  make premature decis ions  ( f o r  
most d e f i n i t e  noran phrases)  o r  car ry ing Eomard a l l  p o s s i b i l i t i e s  
i n  lrhe hope t h a t  the  r a t h e r  crude semantic marker l i s t s  i n  the 
verb meaning w i l l  e l iminate  same ( i n  the  case  of p ronoms) ,  

The system t h a t  we a r e  inves t iga t ing  involves considering 
re fe rence  evaluat ion  a s  an incremental process,  with references  
becoming progressively more i n s t a n t i a t e d  a s  t h e  ana lys i s  proceeds, 
In t h i s ,  pronouns a r e  t r e a t e d  i n  t h e  s m e  way a s  o the r  d e f i n i t e  
noun phrases,  a s  t h e  same mechanism i s  used to express both def- 
i n i t i o n a l  i n f o m a t i o n  and 'semantic checks ' ,  Both types of  
semantic c o n s t r a i n t s  a r e  i n t e r p r e t e d  a s  f i l t e r s  on poss ib le  
r e f e r e n t s  and may be enforced a t  any time i n  t h e  a n a l y s i s ,  w r t h  
the  r e s u l t  t h a t  the re  can be a  c lose  i n t e r a c t i o n  between s y n t a c t i c  
and semantic processes,  Reference evaluat ion s t i l l  provides a  
check on s y n t a c t i c  hypotheses because a  f i l t e r i n g  process which 
has el inLnated a l l  t he  p o s s i b i l i t i e s  f o r  a r e f e r e n t  causes the  
&andonment of  t h e  cu r ren t  hypotheses, Moreover, i n  t h i s  frame- 
work, the re  i s  much l e s s  r i s k  of car ry ing out  extensive syn- 



tactic manipulations on the basis of faulty reference evaluations, 

An important feature of the system developed is that all 
semantic tests are in tems of actual referents and not in tems 
of the structure of referring phrases. Thus we are able to ex- 
press a much wider range of constraints than can be captured by 
tihe use of traditional semantic markers of the Katz and Fodor 
(1964) type, Those of the simplest type involve single refer- 
ences and express ideas like 'an object cannot be a part of it- 
self', More complicated constraints impose dependencies between 
the possible values of several,references, Thus the constraint 
that two objects be in contact causes interactions between the 
two evaluation processes - further infomation relevant to one 
may have repercussions for the value of the other. A great deal 
of knowledge of possible physical configurations cannot be ex- 
pressed with a mechanism like semantic markers but requires 
something of this type, An investigation into how to make the 
best use of this powerful system will he an important further 
step in our work on mechanics problems, 

As a simple exmple of how this kind of knowledge can help 
resolve arabiguity, consider the following problem: 

"AB is a unifom rod, of length 8a, which can turn freely 
&out the end A, which is fixed; 
G is a smooth ring, whose weight is twice that of the rod, 
which can slide on the rod anda " 

In this example, there is apparent diguity as to whether 
the final relative clause ("which can,,.'" should be attached to ' 
"a smooth ring" or to "the rod", A human being who reads this 
sentence and attempts to visualise the scene has no difficulty 
with this problem, In order to resolve it mechanically, it 
suffices to notice the fact that an object cannot slide on it- 
self, This information ensures that the phrase cannot be at- 
tached to the rod and thus must qualify the ring. However, the 
restriction needed (the irreflexivity of a particular sliding 
relation) cannot be expressed in terms of semantic markers, 

There is a dmger that the number and complexity of such 
semantic restrictions could be completely unmanageable, but 
several factors cohine to ease this problem. Firstly, there 
is no reason why restrictions should have to be imediately 
verifiable - in general, deductions may be necessary to sat- 
isfy them, This means that simFlar restrictions can share 
pieces of deductive machinery; moreover in some cases complex 
restrictions can be pieced together from more primitive tests, 
Secondly, many restrictions express mathematical properties of 
particular relations and so are generalizable, These involve 
fmctional properties between relation argments (c,f. section 
4) and properties like symmetq and transitivity (e,g,, the re- 
lation of 'supportYs aspmetric and transitive), It is in- 
teresting that these are the kinds of properties that we are 



exploiting in the quest for general mechanisms of search control, 
There seems to be a close sjrnilarity between controlling deduction 
by pruning inappropriate goals from the search tree and resolving 
ambiguity by avoiding consideration of semantically inappropri- 
ate hypotheses, Thus, in particular, the mechanisms we have de- 
veloped to exploit function properties and similarity classes for 
search control may well be of direct use to the natural language 
progrms, Conversely, mechanisms that have suggested themselves 
for the natural language tasks (such as the particular use of ir- 
reflexivity shown above) are likely to provide ideas for general 
search control techniqes, 

Conclusion 

We hope that this paper has given an understandable account 
of t2.e current state of the m G H Q  project and some of the more 
interesting issues that we are following up* Although our work 
covers a range of subjects that are not comonly studied in close 
conjunction, there is an underlying theme running through the 
whole project, This is the idea that only throagh carefully 
establishing exactly where and how individual pieces of knowledge 
should be used to best effect can one construct a system which 
perfoms an intellectual task of any complexity, Even in the 
relatively simple domain of mechanics problem solving, extremely 
sophisticated techniques have to be introduced in order to come 
close to the expert human's ability to make decisions and discard 
false trails and faulty hsotheses, It is our belief that a 
significant number of the ad-hoc solutions produced for specific 
problems can be generalized and khat there are useful domain-inde- 
pendent principles of search and process control to be found, 
One of the most promising sources of relevant generalizations 
seems to involve the province of second-order relations like 
functionality, transitivity and irreflexivitp and it is in this 
direction that our investigations are currently proceeding, 
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Ordinaq predicate caleulus (p.ce) is equiped with sorts, an extension 
of tyi?es, ailowing a concise Eormul.ation of problems, A semantic net- 
work can easily provide the sort-part of the input o f  a theorem prover 
based on a sorted p-c, Experimental resfits are reported of such a 
theorem prover. 
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1 ,  Motives 

Since 1965 a great mow?; of effort has been invested in theorem proving 
dong the line of the resolution theary., The efforts aimed at refining 
the resolution rule by proposing constraints that could reduce the re- 
dundsncies in the proof process, which a13 too often cluttered up com- 
puter memory before finding a solution, =thou& considerable savings 
were realized at each newly introduced constraint we have to face the 
fact that the cwrent resolution based theorem provers are easily s w -  
~assed by the hman deductive capabilities, 
3% is a reasonable conjectwe that basically this situation will not be 
improved by adding new constraints, The bottle neck is that resolution 
theory is insensitive for particular properties of the search space 
Y-hich is associated with a collection of problems, A related topic is 
the difficulty to accmdate experience to be extracted from a deriva- 
tion tree and to be used in subsequence proof efforts, 

A3 ti result some people threw away the general purpose approach as well 
as resolution theory and started miting ad-hoc deductive progrms, Tt 
~ d s t  be admitted that their performance is fine in a limited domain, 
but the necessity to have a great number of deductive specialists around, 
in order to approximate general purpose deductive power, created obscure 
interactiou troubles when a specialist must be added, deleted or changed, 





li-,t~a.; 1 y t l l t i  e l ianee;t-  ;.>f' '1: are i~;tcf,p~-c.ted as eol.iee"r;.~ins :,f en-i;;lies 
0 ~ 

which hsve ?n;i.tz:e:iLy map-ty :~wi$crsq"cicus. We will hawever in the sequel 
i :? t .rodu(:~ inil?>.s.;,,Bn r c: .ztnnns f&r the sox-.Ls sr<lt;ii that ;Lon empty i.izter- 

. . - - 
szc.:,i or.r w . , i l  kt: :a,). !..owed . The types la; T,';:c*,~,.i~air~~ e l e r re~~ t s  li.nci vnm-ia?,l.cs, 
? .  Ri.li.l- ~ ; i l t i  type2 ~i f Y,--T,., ' contr?,ii: predi  cc.,tt:s ar>d Z,h,? :--ate ~aria- 

P i  

k . !  *2'.i .  
& - ..5. 
_\ I " .  .,e f ' l  x_ y - l : ~ r !  : :,,)cd i s  a, f~~isillii?n f r c rn l  T tu the natixral riru~ber 13 with - -. 
i ; r -$  ( . I , )  .r ; g b r ; f j  / . t ~ T ; b  

kVb.,x.-i i:a ".. - 1 empnr; c.1.enreat variable,  -predicate and pred lex te  va.r.iau:le i s  

r!.ss,.:,:ned 2:) t!zv,:- ssrrsi-ia-led with a, u iq l~ . t ?  type a ~ l d  ~ c c ~ D Y ~ ~ I ; ~  to the de-- 
. r _  . 
1; nl*;; on 0.i. <;r$$ tkcey ila1,~e a i1;1ii que order .  'The 9~vejr 2 5, en-. 
h:i,:-,i:e?d by Llie i~i$r.3".1-;a:'~,asn.L sf types fb'r ,'uni).tfoils, f"uncLian variables, 
+'Y . ..J,~.. i . . ?. l , i .ona . l s ,  ?ti-, -i ; A  the ire-A defizitictr1 

:;arhca t-i? arbg.:mcnt, o f  8 $3~c iC37(a ; i . . t , e  car.: be "Lhe .ifaii.ie o f  8 ffrmctiozl_ end 
o: :-:i.r:: argSu::e:rit  ti$ ,,, order greatr2r than zero  i s  al::g> a pa-edica+,e, 
~i~i.:;!i;ates ::ilso aay he eo~ripa:;iLi?, 

d l~c .L ' : ; t : r  .Cki- ~:-c?rCir:at~ or' six? . i t i > ~ i i . t :  expr~ssinn Is ec)sapi?s,i.*ie or. not, i.t 
k._ir; a iiiii.qi'i typc., 4r1 s -I;yped -precdicatti e:.i,3..culns %her&. miistbbe a .persfee". 
torr.e:spc:ildes~-c bet.s;-cr.u t,?ie? type:; wb; lch aye i$a~a:l&ed by a pl-edicxtc ma2 

I > 
:he .%ype(r;j o' it:; a.r.gmne:3t(si 
- > A , - .  s ,c+.,-,L, 1 ,..,a t .L.'-&s - 7 f o r  ;.+xs~t:t.:-f>- ii,,i,D ::{,:; 3 .i;ht:iy :;~guar.^;?n-f;~ Wi :i, ~'OTQ:?&:?. ~ j f  the 

" .  * * f r . r . ~ ~ i c z . c e  f~ ;~"Lr : i i i : .~ : ;  ~ i "  a77.:*L1 asi;~k:r;e Lo be gfven e:epl 1 . i - t  specl-f?.ea,tLor 
, .  - 
\ t~:x_ta.ratio,-rl  sf- lJie 2,y:g;es of al.1. t.hti id.en-b:i..T-:ber.s in t h e  fo9nid-8~ ., As 
a:ie;o;miced u::: ii.,",t?,d~n~t: a'el&ticris vh i r? l  can be used in the c%eelaa.ali.ons, 
.:+ . 

7 '1 p G. 1 i? .f- P 7  6 2  
# .  - L  ,.,- ' ,.. . ::ea-ur::l " t ~ i 3  d i  lPe?rc:nt types can Inwe non enrty in-&c-rsecz;ians 
x v 

- .  
w ~ " i . 1  c;.;:~ Lhr~iy sorts 

,-:c f < x;i.-Lion * LJ?~'ije:i s and Isi j c 4 i ~ c ~  scsa . .? . ;~  ofborder  O then .E( 5, ( c ;  1 ,  . . . asIl 1 )  
Q"-"---- 

" hiLk! " -  . :,;>2 Id P* , . ," 2.!04.d~ l;kgefi G z 5:; g h j l e  2 - i  i s ,  .:: @ ~ h , s r ,  " 
-! z: q " 1 1- j > - p , : j *  



iir .4114. re1 sa ?,he ccnstj'p:~irz~.$; 8s  "tkiay hold i s s  a *;yped predicate cal@rna.w 
!li,-ta,eel? ",be types :a.r' an-g~~&~eat% and .ti ie '%sgpes r3-F" a rguaent  positions, Fc>r 
$3 ,"t;r;a; f>Lrjri i. .i9 1~i.1.1 ke a i  ?.cved %;hat ax argmciyt ha,s; a .;orb . that  i s  a .:era 
3.t' z"-:e m.i_.qui::+ed r n n  on its p s i . t P o n ,  For a p;:edicate ii.t w i l l  even 'be 
a l l o k e d  that the s c J r t  GP ao a:r@ment encompasses the sort of the psss-, 
.:.ii>n i", oecupi.ez Y"?.A &Xavk; e: ,g, u ~ i t i a g :  

CT?. , j j ,"tl: i 7 ,, , 

. . 
s i.?.i.id? tar: zt.ie@,!, i'".&?: 13 F%; ghr;ly chau.ge& a? i @  consequence. 0.f "r,?j.l .. ." 

. ~ O t  .. i. .,,. <.. 'Wt: k::.Yloi .kkisc* ~C:PTT~LCB;L~,~~L~ of C@hang & d), Let d be a set c ~ f  
~~;<r, ,~f :~:~S Laiii; : - 

S.i.,:.>-<> 2 :  I f '  vdas, :..; ,A s * .  ~g '_e to i l  Li;.ca exit. w i t h  :ajz, ~$Tii.ch iS &::E ~ ~ 3 - k  #sxaercL 
:~i.-k.f'ier f o r  V, i i t r ~ i ; t q i i s e  Dke: - &sagkeement set of tfk, 

steii 3: .,I;: .tibi...r..r a L .,A k.. , . .:.sL , b. p2enient.; tiK and vk ; n Dk ">.;cp: that: .vki is a vr"j,x.ia,. 
b l e  that" d ~ 3 s  r?oS'. ; :C=CUI.  ~ L I  Lb g,f i ,_~&~-,~~~,_~;gm;~ j;S;~~I~?~~-,jp-~~h~__@~,~;~A 
<, 1. . r ; .  - -  t f ;  ,i.iahzr;aise st~:j,;j~ W nl.;t un;-fi.abl,,e, 

D;,j.." : ' . " 
*. .~-:nx t.~,csr: : k 2. .; %e.c.a:i. 9; !. -., s 1 ~ $ 3  I ":I cant vv9nen fa:< eveqy a-f-g:m.en"E;h~3 t"l : --.--- *..-<-- *-", " .  a, !.'t,s i;c?y:, . :, s,ic;j ::i':,i-..-l, .it. '41:,- .=~lt 8:1: the ~sg.*m~in?.zeri"e. ,;ra%,tkav.r, @a_- 

'bj * ";, "k - ,- " .& 
, ,' 

T ~ ~ J L  ~ E : ~ ' . ~ V I ~ B S ' I ~ ~  t,:&?c: bt>i.L i ~ f  * ; Z ~ C  a~g~i~ei::~, pm6;it.~csfi, - rind &he 
2 xagUiT,eii-s; &.i;.i~: 6 L::o~ !:c 6 1~:- f ~ ~ ~ ~ i : ~ : m . i ~  j rg 8 , . - y ,rtw--.' C L ~ t  QGS~.L~CJ~.: r )  l, s:,?c~B 

, . 
:,L;ai; sor.ts of they;g .I;..~o a,-v,~xj- ,~~ t ~5. l . d , i~ t~  POSL~.:&CJ??S are d i . ; j o ? . ~ t ~  



In fig. la,@ we gsve an exmp'le which is egressed respectively withoidt 
and with so~-ts * 

The short version is "infinitely' superior %a this exmpEe since the 
nmbsr of clauses obtained af"ter translating in conju_ne"Live no fo m 
and the number ~f resolutb~ns needed without sorts is 14 aind 10, while 
when using the version with sorts one obtains only 6 clauses and one 
does not taave to produce .my resolvent, The reasan is than the negated 
tkeowa is only one insi@ifica;2e positive literal and thus gives Im- 
mediakely the empty clause ! 

-- 
axioms: bh)d~mms(h)~(~e~l(h)@~omen(h))) 

(hj(~rmansIh)+(~(~er~(hf~amena,(h) ))I, 
(f)(~athers(f )+denif 
( ~ l  (~o:~hors(rn)-~omen(n~ 1 
(f/(~s~;~~ers(~)*(~c)(e"atl?eraf(f,cb 1 )  a 

(m)1viu-che~s(m)*6: Zk) )~otheraf(m,c 1 )  f , 
(hl)(h ~ ~ ~ e r ~ h ~ , h ~ ~ ~ ( ~ c ~ ~ ~ a t h e r o f ~ h ~ , c ~ & ~ o t ' n e r n f  
(h,,@~ . f 1 ,  

theorem: ( h ? j - - s ~ e r ( k ~ , h ) ) .  

Fig, 1%: Exmp1.e i n  predicate calcq&us vithor;ir; sorts, Translation in 
cunj~~~c t i  r e  normal form gives 14 clauses, Dsrivs;tion of the 
empty c!auses i;&es a ~ n i ~ l m m  o r  t O  resolutioas, 

sorts : Z'ikfea~s, Nen, Women, Fathers, Pllathers, 
relations : ~(~~ltlls,  en 3~~mena,) ) 

 en, :~a$hers)), 
~(~o~en,(~othcrs))~ 

: (h , l ? l ,h2 ,e :  ;imans),(f:F'athers~;~m~~o~l?ers~~ 
predica-tes- (hthernf:(~ather,~~~~clans))~ 

k  dothe her of: (~i:3thers $K 
b~er:(~&thers,~others)~+ 

ax1 oms - ( I*) (Ze )~atht?rof( f , c )  1 ,  
(m) bEc ) (~otherof(m,o)j, 
(hl)(h,i(~er(h, L' ,hg)*(~c)(~atherof(hl ,c) & ~otterof(h~.c) 1 ) .  

Fig, 18: Same example as in fig, la but now using sorts. Translatxon 
grvsz only 6 cLa>-~ 
rsgnlfrca1:t Iizer 

I 
L. *--"- 

the empLy clause, 

T - 
dc.  end Whe section w i t h  a more subs"r,an-heiai example, It is the custom 
to represcnx the axioms oP grcup theoq not with a preZlicate GROUP% 
 long toe %j-nes of: 

bi ic  La canaides  eke group $0 be the hiverse of discowse' &,r,d $0 
represen: the axloas thus: 



i n  3 FW-e p-e"ed lca~~ caieyvlus a srabgroq Ei cao sub;equent,y Re inzro- 
sic?c-di by =&I-g R s I-argunern, gjrecgica-k end. by- cta-%;ir?g: 

r / -  N . : ' ~ ? A  tk esc,r"ci a su.kgr.orap H can he intp.oduce& : i l % ~ r n a t i v e l y  by declaring 
i l  t o  be  n sub- ,u r j? t re r se  of 3 with: E(G, (H, 1 PH is  the eon~p.lemei:t -- 
tici~rersel - i by sp?ci fying the el.ement e to bcl-ong t o  !I (arid thus a l s o  t o  
#-" '! . * " 

/ ,  an!: by sp?cl.f*lrrrl?g h i ,  h2 a.nd h 3  to be vsr tab les  over the s~~b-~miversz 
- *  
.k; 8.n 6 s -'; at :i t -~g  t 

(h:)(b2)(3h3) hl%h2 = h3 and 
(111 )(313) h.1-1 = ?I3 a 

(7 1 b.?e f t ha t  the sceonrl. represei-.,t&ion is more natm.a,l A Mureover, Tie-tin a' b 

c:.oi;et, .tineoren fn;:a~d.atec? i n  g r r e  predf.eate caLcu2.u~ y ie lds  36 clau,c,?s 
TJ;.~,'? 9'X i.itera;s, while a fo~mula t ion  usirk% the  s o r t s  yielk,: only 1% 
c?.aases w i t h  25 3.i.t,rr.al.s, 

3 ,  "~:aeL~menta"tion oF s o r t s  5.1~ Co&u -.,------ 

Ic order .to test -:he :jse5Llness csf sl>rts w e  im~lencntec"it.cm 'citki a 
. 

g l ~  fi * . ~ ~ m & r ^ i - ~ ~  o f  Y C : S C X ~ E > ~ ; L C > ~ ~  in a Lisp pi"ogrSm, 
TSe :size c f  %he ? r ~ g r . ~ r a ,  ( together  wi-i;'h a predicate calculus - eonjuneti-sic 
r~cr~a:' $om . i . . r s n s ? a t o ~ )  i s  about: 2000 lines and rrms tinder ~ i s p h  w i t h  
c p c r l t i n g  system Scope 3 , b  on a GDC, The prugra of ten  betaves l i k e  a 
f hl.f. ,I?ag~,l-er a:td gs-bag..: generati-,r because the miio-mi; of av;?ile;sle core 
5.5 s ~ ~ a , L . k  t h e ~ e "  is 50 syst ~ t . ~ . - - s ~ ~ ~ ~ o . ~ t @ d  aw virtxual. memry -wd tile PI r t t r a l  
aemiy t h a t  i s  sipri~~.l.a.t~d by Lisp i t se l f "  causes contiwaorrs i ragg!.ng i n  * .  
cqi' . f u n c t ~ r i r l s ,  (Xc.~eop,.er: f o r  lack aP s2aee clauses are a l so  represecded. 
a:: .?1.a.n;:-9;1.;,.17s, wi tY:31xt aa"gme~ts, arad have L a  be redefiried and wri.";-ie- 

" T 

en d.rsk every 9;i.m mu-iaiions i z l  -t?seir bockkeeping are  made, 1 

Ye u i e j  Koiial~ki ' a coonzclion a h  since they o f f e r  the advantage 
r.0 i; havi.ng Tt.9 seere'n .For x ~ i f  iab?-e literals, We sr:pplementQI them w i t h  
3- 

:\: -reso)ratio:l, i , e ,  fae%ss. ing only ~f strict posii;i.ve cl.auses, resoiu-- 1 t xons  arllky when  oce o f  :;he parezt !:lauses bas only negative 1i~t .a-ahs ,  
s n L  where t h e  3.1-ter8.l jaeso?,ved upan i s  thz ' 61na3-lest ' (aceordi.n6 t o  
same S i$e r aP  arderf ng) i n  that clause ,  

A flag gcintrols . i rhether  subsumption test.s a r e  per-Eomed with newly 
ciinernted - ciai ;srs ,  The sme f l a g  controls whether a 'brushup' opera- 
t i  on wi.13 trfi tried on clauses, (A brushup o f  a clause is effkc.tive 
. w::ti . +- - ..' delc:iior: of' o2:. o r  mor^cl: l i . t e ; ~ a l s  resulLs in a clause -ths:k is s c i l l  

i ogicv l  equivsient  ,, 
- 7 t.xtix~~:pl.e: ~ l / x )%/A(  1 can be rey.Paced by ~ ( x ) ,  The exit91pl.e in fi.g, 2 
,;hn.r,-s toat the i ~ ~ n ~ h . ~ p  operatiox3  ail p~event subswipti~)~; of blocking 
~,ilt:: de l - iva t ion  of"  empty cl.al~se,  
P-3 : . !it. bx*:~sh.tiq- cspexatiact 1s  hotcever ;?ot su.f ficient , :En a sirni.l.ar itxmpi.2 
w j . t h  eL;iusrs: ( 1 )  A ~ X , ~ )  ~ ( x , ~ j ,  (2) ~ ( x , ~ )  ~ ( x , ~ ) ,  (3) a ( z , a !  Q, 

. "  ( : r  1 ~2, in:r:~.!.r.l a,:,: s.~.sbs .nipLI:.ori ~:.CIC::IS deri.vat i on of  the empty clause, 
r'~hi:.~: r? b ~ n s f l u p  d*:es rict"l, tippi.y, 



L i d  sezection is governeci by hemistic function, which is momentarily 
p-robtern-Tmily independent .The heuristic function k~!~ich assigns a 
n-msr i c  value to a link is: 

wln, fTdln + wlp-% + w l m ,  f + wsi-dr , f" 
W ~ P  w L m  wordr ' 

vhese the constants and the base function are: 

wLn = 10, fwln is the length of the negative literal list after 

merging ; 

wlp = 8, f Ls the length of the positive literal list before 
VIP . \ 

merging ; 

wI%% " 
2, %lvn 

is the nmber of vwiables in the negative parent 

clause; 

wordy = 5, fWorb is the order of the clause, with the order of 

an input eluase is zero, and the order of a resolvent is one plus the 
sum of t$e order of the parent clauses, 
We da not c la im t3at the values of the constants are optiml They are 
only a wjld guess a d  ve dill not tinker at them, 

Sxmple of a set oS clauses ( 1 ,  2, 3, 4) where the derivation 
of the empty clause is impossible when subswption is allowed 
yithout a brushup operation; clause (6) fs subswed by clause (51, 

In order to test the progrm Cogita it was turned loose on some problems 
that are reported in the literad-me , Figo 3 contains the data of three 
5: ff erendc problems + 

Bo use was made o T  the sorts in these problems, 
The behaQior af Cogrta is vaszly superior in these problems, We ascribe 
th is  to zh;. aaomectio~ graph techxique and more specific to tkie one-step- 
lock-ahead that is the automatie consequence of" this technique, 



T r a g .  3 .  This tsbLe contains c~mparisons hetwcen Cogito an3 sqme otE~es 
Qrn =lgrcux . C:Y= #ciauses in proof/# cla7rses xetai r ~ w ?  
Fns Ccgito L3is waber does not have m e h  si~rficance s ince  
as a consequence of" p7wgrng clarbses that get a pure I~",es*aJ_ 

!=,-ia:G.r,g no i i r ~ k s )  the ember of elauszs in the proof i s 
somehimes greaeer than the number of clauses retained, 
g= #  lau uses 111 proof/# clit~~ses generated, 
the d3t3 for t3is zow was taken from (31, 

B (  r p  1 6  1 1  1 8  I ?  81 '"8). 
Pl+Q"=PI deduction with $%-algorithm, see d s o  ( $ 1 ,  
SnS+C"; LL=set of support with c"-algorithm, linear resaiu- 
~ E J K ,  see als3 j b ) ,  

O113n~=iuut grefermce with set of support, see &so (9)- 

4.2 ,  Usicg a characteristic 

172 ~~rder to test zhc effectiveness of employing a characte~ist2c pre- 
drcatr ue refom~lated Green's sorting problem, that &so was used in 
section 'I* 2'l.g. hacortai:ls thc predicate calculus f3radas %o be 
sdppif?~flcnted with zwo versions of the declarations; fig, 4y has clever 
3eclaraeions in a~hrch the one pleee preaicats Sd is made the tSaracc;er- 
I Z L L C  pred~cate of the s o r t  Srlist, wkich is declared to be xnchvded i r ~  - * 

m e  s o n  ~ ~ 1 s t ~  ( ~ h e  ratic\naLe behind. it: x sartecil lis"., ,an entity iii 

Sri~st, is special ~ i n d  of" list, an entity in L i s t , )  Fig, h6 zbows 
:=ae performanrce of Cogito on "-,he tvo versrnns which co~lfim the effeetiv- 
rness or usxng a characteristic predicaze, 



E r e a t ~ e ~ t  of  the  coset  example of sect ion 2 - 2 ,  s t i l l  awaits t he  ex- 
tens ion o f  Cogito with p&ramod;iiation, A sub-problem recognizer t h a t  
i s  alrea3.y i n  operation however i s  able  t o  decompose the  pure predicate  
fof-mdation i n t o  khree sub-problems each haying 14 clauses and with " 
respec t ive ly  21,  21 and 18 l i t e r a l s  and it. i s  able  t o  decolnpose t h e  
forrudat ian  with s o r t s  a lso  i n t o  th ree  sub-problems each having 12 
c h u s e s  with respect ively  16, 14 and 14 l i t e r a l s 4  

Fig, 4a Predicate  c a l e d u s  fomu la s  or" Green's s o r t i ~  problem, 

6ox-ts : L i s t .  
var iables  : (x ,y ,u ,v :L is t ) ,  
constauts : (nil.1: ~ i s t ) ,  
pre&ca%es: ( ~ ~ u & l , ~ , ~ r z m e :  ( L i s t  , ~ i s t )  ) , ( ~ d : E i s t  ) 1 
f u c t i o n s  : ( c a r ,  edr ,  s o r t :  ( ( ~ i s t  1 , Z i s t f  ), 

(eqns, merge: ( ( L i s t , Z i s t j ,  ~ i s t ) f ,  

F ig*  46 Declarations f o r  t h e  so r t i ng  problem without charac'eerfstic 
i pred ica te ,  Transla t ion of t he  axioms and t he  negated theorem 

i n t o  conjunctive nolmd farm gives 10 clauses ,  

s o r t s  : L i s t ,  SrLis t  , 
I: : ( L i s t , ( S s l i s t j ) ,  
varia?;sles : ( x , x , v : ~ i s t ) ,  ( y : ~ r i i . s t  1 
constants : ( n i l l : S r l i s t ) ,  
predicates  : ( ~ q u a l  , ~ m e  : E i s t  $Lis t  1 )  

(R: ( ~ i s t  , ~ r l i s t ) ) ,  
( S d : ( ~ r l i s t ) ) ,  

f m c t i a n s  : (ear-,c&:((Lisi;),~istj), 
( s o r t :  j ( l i s t )  ,~rlist)), 
(merge : ( ( ~ i s t  , S r l i s t )  3 S ~ l i s t  1 ) 
(cons:((~ist,~ist),~ist) 1 -  

che r ac t e r i s t i c  
predicate :  ( ~ d : ~ r l i s t ) ,  

Fig, ky Declarations f o r  t h e  so r t i ng  problenz with a cha rac t e r i s t i c  
p red ica te ,  T r a n s l a t i ~ n  o f  t h e  axioms and t h e  negated theorem 
Snta eonjuncoive normal form with these  declara t ions  gives 
o n l y  8 clauses.  



- -- --- 

- - ' * T " r .  
i L " dLJ.'-* 

--,- -- - - - F,' - - . -Me--" 

I - -  
$ . - E " i s e S  

*. I :Icdses 

-: - - 2 - -  - - ::rice less cl~uses zre geeerateC ard the s o l u t i o ~  l e r G h  
1 9  s r z r c e r ,  tiszge G? E ~kar~cteristic pre&cete, e e a e ~ e r  

- -  1 --,c - -  - I .  - q  - b.,, =-c-e, r s  o;g::-y ~51rls~i-03e~ 
- - 
:;-;se -:asses %-el-? ~ : ~ g e Z  zs r ccns=.pue--e a: sul;swg",,cn 

. . -  - - 6%- ---- * - 1 . .  X, k - ~ 1 , 1  ~T-ree claif~ec i n  col . -m 11, Tke g i i i ~  . .  - . - 
~-r:2c 1-es-Lts f r c z  -c\erlor=ling %e s-xpezslve s ; i . , s ~ u ~ - c : ~ n  
- - -+ - - - - - - -  - - s-53 ~efl5~zez 2:: t k e  prcce3s:zg ::re - s - ~ g e s - z  
- c Q I  -- ,I_e .K,--~escl*i:~a~ -*--e use2 Leaves ~~111. mom Far k- 
-TI".-PP.- ,- , .1,, -I-= ,--< preverzEoz c f  g e n e r a z l ~ g  weless c l ~ a e s .  

"-- - - - L , 5 y z - z - - s -  - - - - C S - ~ C S  tker 5 9  se=ti3z k suppart o7.X t2LS.k - - - -  -.....--.-- - - . - . - - . .  
r ~ ~ :  = z ~ f ~ : : ~ : ~  ~ ~ - . ~ - ~ - J s  E ; - ~ I ~ E ' :  k - l - , ~  ~=rr- :;E& ;o ~ii - i~i~gs  i ~ .  a 7r~i3$" 
- . * - - -. - - .  - egE *m-e'vs " - - -  - - - -  =:.>* ::Y -5:s :? z k . 2  - ~ b l e  tc "st ow the are^ ~rcjver ~ . r e  
.- *- - . - .-. - . - 

- . - . ~ - - g  - ;CC~~PF 3a;---:es, +- C;L_=- c":r:e rr_ls peper is io f k c t  t a~rcgess re- 
~ - -  -,..v - vG2 &-:-- --- ---- 

- - .% - * - >  u - c  --- -1-2 ex-~~-cs Iz t?ie f - j z ~ ~ e .  



i%c - 
This research originated from a grmt of tke Betherland OrganisaQion 
for the Advancement of Pure Research (z,w,o,), which enabled the a7atho-r 
t a  visit J , A ,  Robinson at the tiniversity of Syracuse, R.Y, 
The factor generating coqonent of Cogito is d . ~  to H.J, Sizit, 
Discussions with ktr cn an early &aft were appretiaked. 
Ca~efbll. tming was done by Porn van der Harst, 
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A b s t r a c t  - 
n f s  paper  p r e s e n t s  a method f o r  colapertang t h e  o r i e n t a t I " o n  of 

p h y s i c a l  s u r f a c e s  r e l a t i v e  t o  t h e  movlng o b s e m e r ,  The method i s  
thenret78calTy der3ved; I t  i s  n o t  " a d  hoc" , The method e x p l o i t s  t h e  
rzmarkab le  p r o p e r t i e s  o f  t h e  o p t i c a l  f low,  a t o n c e p r  which f i g u r e s  
p rominen t ly  % w  t h e  Gibson ian  t h e o r y  of  v i s u a l  p e r c e p t i o n ,  "BJe f i r s t  
d e s c r i b e  t h e  dynamic n a t u r e  o f  v i s u a l  i n f o r m a t i o n ,  and fomaLLy d e r i v e  
t h e  o p ~ i c a U y  s e n s e d  v e l o c i t y  f i e l d  t r a n s f o r m a t i o n  ( o p t i c a l  f low) f o r  
a moving o b s e r v e r ,  Then we d e r i v e  t h e  I n v e r s e  t r a n s f o m a t i o n  t a  show 
how g r a d i e n t s  of  o p t i c a l  f l o w  u n i q u e l y  inform abou& t h e  o r i e n t a t i o n  
and s h a p e  0 %  pi2ysfca.L s u r f a c e s ,  

Key Phrases :  mot ion perception, motfon c o n t r a s t ,  o p t i c a l l y  sensed 
v e l o c i t y  f i e l d s ,  o p t i c a l  f l a w ,  p h y s i c a l  c o n s t r a i n t s ,  s u r f a c e  
a r f  e n t a t j o n ,  

" Int roduct ion 

We propose  a  computa t iona l  t h e o r y  o f  haw t h e  human v i s u a l  s y s t e s  
may o b t a i n  u s e f u l  i n f o m a t i o n  abou t  t h e  p h y s i c a l  environment  d i  rectl7; 
from o p t i c a l l y  sensed  v e l o c ~ t y  f i e l d s ,  We p r e s e n t  h e r e  one  r e s u l t  o f  
$he t h e o r y :  a method f o r  computing t h e  o r i e n t a t i o n  of  p h y s i c a l  
s u r f a c e s  r e l a t i v e  t o  a  moving o b s e r v e r ,  

6% i s  i m p o r t a n t  t o  f i r s t  unders tand  how p e r c e i v e d  v e l o c i t y  f i e l d s  
a r i s e  from e v e n t s  i n  t h e  e n v j r a n q e n t ,  T h i s  paper  b e g i n s  by d e s c r i b i n g  
t h e  cbaractear of  o p t i c a l l y  sensed  v e l o c i  t y  f i e l d s ,  Hex$, we examine 
t h e  e m  M n d s  of  proxjmal  v e l o c i t y  g r a d i e n t s ,  s r  n o t i o n  c o n t r a s t s ,  and 
how d f s t a l  e v e n t s  d e t e r m i n e  them, F i n a l l y ,  we give d e t a % l s  s f  t h e  
t h e o r y  f o r  t h e  f i r s t  t y p e  of  mot ion c o n t r a s t s ,  smooth mot ion 
c o n t r a s t s ,  and how t h i s  t y p e  o f  i n f o m a t i o n  c a n  b e  e x p l o i t e d  by a 
v l s u a l  sys tem t o  d e c e m i n e  t h e  o r i e n t a t i o n  o f  s u r f a c e s  i n  t h e  
envi  ramncnt , We a r e  c u r r e n t l y  3mpLementf ng a computer p s o g r m  t h a t  
u s e s  t h e  theory t o  d e t e r n i n e  t h e  t h r e e  d imens iona l  layoiat  o f  a r b r e r a r y  
o b j e c t s  w f t h  r e s p e c t  t o  a waving o b s e r v e r ,  The psychological and 
p h y s l o 3 o g $ c a l  i m p l i c a t i o n s  s f  t h e  Cheery are a l s o  c u r r e n t l y  under  
s t u d y ,  

What visual fnfornrtarlcn 2s a v a i l a b l e  Lo a n  o b s e w e r ?  We c o n t r o d  
t h a t  a s a n t i n u o u s  Erans fo rmat ien  of s c j m u l i  over t fme f s  t h e  n a t u r a ?  



tiigut eo  o u r  v i s u a l  s y s r m s ,  T h i s  v l e w  complements t r a d i  t i o n a l  
& r ~ i f 2 c f a 3 .  f n t e l l i g e n c e  (AX) approaches  eo  v l s i o n  r e s e a r c h ,  AX 
r e s e a r c h  h a s  d e a l t  ~ 5 t h  static- s c e n e s ,  such  a s  p i c t u r e s ,  d r a w i n g s ,  o r  
s i n g l e  frafiles o f  a c e l e v l s i o n  ~ l g n a l ,  T h i s  approach h a s  o c c a r l o n a l l y  
f o s t e r e d  t h e  b e l i e f  t h a t  t h e  h m a n  v l s u a l  sys tem,  i n  t u r n ,  cJperaces 
somewhag as a  camera does ,  Indeed,  o n e  p a p u l a r  b e l i e f  aqong AX 
r e s e a ~ c h e r s  $s  t h a t  i n f o m a t j o n  abouc t h e  t h r e e  d imens iona l  war ld  must 
somehow b c  e x t r a c t e d  s o l e l y  f r a w  a f l a t  s t a t i c  h a g e  
(BowcBen,X9/9:18BB, But ,  s ince hgueans a r e  mobi le  c r e a t u r e s  who C Q X ~ S J S ~  

of moving p a r t s ,  i t  i s  t h e  $ r a n s f o w a t J o n  of  s t i m u l j  o v e r  t i m e  t h a t  Ls 
t h e  u s u a l  s t i m ~ l u s .  Won-t ransfnrnat ias ls  -- s t a t 2  r i n a g e s  -.- a;Pe -rare 
and e x c e p t i o n a l  i n  n a t u r e ,  Not o n l y  f n  v i s i o n ,  b u t  i n  o t h e r  s e n s o r y  
modes such  a s  &ouch and h e a r l n g ,  t h ~  n a t u r a l  i n f o m a r i o n  a v a i 3 a b l e  i s  
a con t inuousSy  changlng a r r a y  o f  s t i m u l a t f o n ,  and n o t  a  s t a t i c  once 

1s t h i s  approach r e l e v a n t  t o  computer v i s i o n ?  We argrne t h a t  the: 
f l o w  o f  s t 3 m a k l a t i ~ n ,  t h e  coratinuous t r a n s f o r m a &  l o  o f  s t i n r r l i  oves  a 
s e n s i  ~ i v e  s u r f a e e ,  r e v e a l s  i n f o ~ a a t f  on abou t  r h e  v t sual  emf roilinen$ 
mare n a t u r a l l y  and c m g e l l E n g l y  t h a n  d o e s  t h e  s t a t i c  image, 
O p e r a t i o n s  perfbrmed on one  t y p e  of f low,  t h e  o p r d c a l  f l a w ,  a r e  more 
s u i t a b l e  for r e v e a l i n g  t h e  a c t i v i t y  o f  v i s u a l  peucpp t ion ,  A 
c o a n p r t t a t l ~ v ~ a l  t h e o r y  of t h e  r o l e  of o p t f c a P  f 3 . 0 ~  i n  v i s u a l  pere e g ~ t i o n  
would be uscfuJ  n o t  o n l y  f o r  accoun t ing  f o r  hurrnan v i s u a l  p e r e e p e l s n  i n  
c e r t a l n  c a 2 e s ,  Rut a l s o  a s  a fundament and i t i n e r a r y  f o r  new meehods 
Sn computer v i s i o n ,  By p resen t ;ng  a  t h e o r y  of  how s u r d a c r  orientat>oxg 
c a n  be r e e c v c i e d  from optical Elow l n f o m a t S o n ,  ve hope t o  i n i t f a t e  
e h j s  kine o f  r e s e a r c h ,  

O p t i c - l l  Flow 
--" ---- - -- 

The w p t i c a i l y  sensed  v e l o c i t y  f i e l d  we are most interested i n  4s 
r h e  o p t i c a 3  flow, I$ I s  a kfnd of v l s u a l  st imula"rin~b Brypical 'y 
gencraced  by movments  o f  t e x t u r e d  s u r f a c e s  i n  t h e  world o r  by a 
movjng o b s e r v e r  o f  t e x t u r e d  s u r f a c e s ,  Gibson (1966)  a r g u e s  tisat t h i s  
c a n t 2  nixouslgs chang? ng f  lo% o f  o p t l  c a 1  s t2 r su iac i  on provl  des I nforiaacion 
abou t  t h e  Bayozt o f  t h e  erwi r o m e n t  and a b o u t  t h e  movements o r  r h e  
o b s e r v e r ,  N o ~ w i t h s t a n d l n g  c u r  u s u a l  c o n c e p t i o n  t h a t  a u r  vxsuaX l : e l n  
ccsntalns a d i s t r i b u t i o n  of  b r j g h t n e s s e s ,  t h e  vfstaa%. f i e l d  a l s a  can  Re 
Ehought o f  a s  a d i s t r i b u t i o n  of v e l o c j t i e s ,  T h i s  v c l o c i  t y  f i r  Ld 
a r i s e s  f e v e n t s  i n  t h c  e n v i r o m e n t ,  I n  g e n e r a l ,  t h e r e  w i  l i hc 3 

v e l o c l c y  vector associated w i t h  each  p o i n t  i n  t h e  visua; f i s l d  w n c ~ e  
$ h e r e  is  a b r fghLness  d i s c o n t i n u i e y ,  Thus, v e l o c i t y  v c c r c s s  *-re 
a s s o c i a t e d  wi r-h t e x t u r e  e l e m e n t s ,  The u n f o r t u n a k ~ e  observe  r of 3 wo~lch 
devo id  of  b r i g h ~ n e s s  d i c o n t i n u i r i e s  would o b t a j n  no  v c l o c i  t y  f i  eLd, 

Tt i s  p o s s i b l e  t o  k o m a l j y  d e t e r m i n e  t h e  v e l o c i t y  d x s & r i b u t j o n  
c h a t  $ s  v i s u a l l y  a v a i l a b l e  t o  a n  o b s e r v e r ,  Knotiring ?he v c l o c l  t y  o f  
t h e  o b s e r v e r  and t h e  v e l o c i t y  o f  t e x t u r e  e i m e n t s  i n  the e n v j r n ~ m e n t ,  
we ear l  calcagla te  t h e  p e r c e i v e d  v e l o c i t y  v e c t o r  f o r  agPy t e x t u r e  clwle?b 

i n  ehe  visrxal f i e l d ,  Mthcsugh we cou ld  d e r i v e  t h e  f l o w  fgeld f u r  t i le  
g e n e r a l  c a s e  o f  a moving o b s e r v e r  of a n  c n v l r o - m e a t  o f  moving n b j e c t s ,  
t h i s  fu3  l d e r i v a t i o n  wouid be too  t e d j o u s  f o r  ~ h e  purposes  O F  t h i s  
paper. We choose to d + ~ s ~ v c  the spea73,l c a s e ,  where aga o$ssa?n-li3.r +s 
t-rarrsl .rating th t - sug& s f i x e d  t*nvirorment.  T h f s  ~ i n p l i f r  ed case r 
su f  i+rrenf. t o  convey t h e  F l  ax'ajcar of how the  a p t l e a l  f l o u  8sri;eg tr--. 



envfrmxnentgl EvenLs, 
Far mast h m a n  activf ts es chat  involve kody movements, the 

patkern of ~pticaY flow wal %l ckrange Etiarny t-imes ovem a durat-iosr of 
tfme, However, at any instant there w5ll He one antf only one k~parical 
f % o w  pattern, This pactern Is represented by the equations to he 
presented below, These equations only express the f l o w  pattern in 
mathmatical term, de stress tKae the viewer does not eoapute these 
equat5arls. m e n  there are no ;nu-sing objects other than she obsewer, 
the optical Elow pattern w i l l  depend on :he velocity of t h e  observer, 
and the perceived portion of the optical flow w i l l  depend on the 
observer8s direction of sighe, Iw a later section we dlscuss how che 
observer recovers the orientation of surfaces from a perceived portion 
of the np4_3cal flow, For the mmcnt wc as-e concermled w i t h  the ~XIV~TSQ! 
problew kepres~%~$jng the optica3 flow f~ terms of the  observer"^ 
vel iac j  t y 

$Bse optjka3. flow pattern depends c?n$y o n  the obsesver8s v d o ~ i t y ,  
and not on the obsemer6s direction of sfght, The Dattern is 
independent of the state of the obsesverSs visual system, Eowever, 
$he ~bserver rs free to scan the pattern by altering :he direction c f  
s2gh.p to make acg:esslble different p o r ~ i o r l s  of the pattersr. Thc 
observer" s vel-oc-ity, oak whjeh Che pateern depend::, : s the stun o f  all 
body rncvanones  a"racludl-amg eye and head ;novemenra, Hence, Phe body 
msvenents neres=iary for scanning the visual envl roament w i  l l also 
affect tht o~tiral flow pattern, However, recal l  that at any anstaqt 
there w3l . i  b c  only one uptzcal flow pattern, s o  this patLcrn will 
reflect the notions that were made to scan the envsr-oment, 

The op~icsl environment will be represented in eenm of a 
spherical cocr-dinate system cerzrzed on the o b s e w ~ ~ ' ~  entrance p u p j l ,  
The orxeiratatli r.n o f  the coordinat ? system depends ore the d i  ra~ctics~ 
componenr of the obsen~er's v~~lccity, As the d f~-t~;.ctiomi of movefncs~l 
instanraneously changes, t h e  coor-d~nate system irastdntnrieous" ;s xar +aces 
r&lati;~fe t n  the nutside world, 

Refer Lo Prgure 1, We adopt a sphericat c t~r r rd ina tc  sysecm 
centred at $he observer"s entrance pupil centa~e, This 1s used as a 
po$nc of ceneraa cptjcal projection onto a reference unis sphere, Any 
point in space P may be represented by sphericdl coordinaees aE 
declination $, ?levation 8 ,  and djstance from the origin r, Later we 
find .r' c convenient to compute der-svatlves wi ti1 respecfc to isngu'kar 
cootdina~es of merjdian u and ecceaericity f i e  The eccenericley a i Q n g  
lines of- merld-ian i s  ava-iJable from &he relation cosp = c o b @  C?S<$, 

RefertcFjgurc 2, The uaft veztor is the dsrccticn of ftTk 
8% observer" a movement; p .st; a unir vector In the dl"xcct4on 01 ii % ?ne 

From ~ h e  origin Lo point Y; f? is a unit vector normal LO 9 and $; ? ;s 
A 

a unit vestor In the direction of the instantaneous angadar yeloci ty CL 

 he flow) of P, 
1% t h i s  representation, the origin i s  always cestrcd uq the 

sbre~vcr; the coord-ina~e system moves, The X--axls always reflecrs t.kkt3 

rcc 5s on of rnovenenc, 
A 

Ciive71 the oiascrvirer a~ov$hag along v W I E C ~  speed I;, the ~ b s t m e ~ ' ~  
sptfcal flow is defined by the lnstawtaweu~ls a~ngu la r  velocity t h u L  
each p~>inc P in space makes on the unjc sphere, For S P A P  point P, the 
mngit?'tcade ;onponene of ts angtxlar kp d o c  i ty ~5 sec.1 k v the obser-?ex 
~entred ar t h e  ~rfgin 8s 



The d i r e c t i o n  2s a l o n g  l i ~ e b  of  me rid fa^ ijf the s,al+ere. T%r.s 
P d ! ~ e c k r j o n  i s  g i v e n  by 61 uvti"evec",or noraral t o  @ and "3, idaicf: i s  "$, 

The v a l u e  of 9 i s  (ax$). 8- S i n c e  m = (G>C@))ls inp,  t h e n  
A 
f = (TI><$) X$/ si ripe 

Gradients c f  v s l o s f ~ y  % i l l  b e  conpo~ted w i t h  respect ts l ines  02 
e c c e n t r l c l  t y  and  merid fan, There a r e  e q u i v a l e n t  h o  longf kude and 
l a t i t u d e  r e s p e c t i v e l y ,  w h e r e  t h e  p o l e s  are  d e f j n r d  3s t h e  two 
i n k t ' ~ ~ c l  i o n s  of t b ?  X-axis with t h e  r e f e s c n ~ e  s p h e r e ,  

Physical Cansrrainrs 
" 

.!'a t h i s  sec?t.ieia we cxpl .are  t h e  b a s i s  of  :uccion t-.ontras"iby 
ex;aanini;ng & h e  physica4. c a n s t r a i n t s  that g i v e  r j s ~  t o  i t ,  IJe assume 
t h a t  t h e  prob1r.m c3f v i s i o i l  begins with a. field of veltrir:I"ty vector,.-, 
s u e &  3s t h z  0 p t i c z 9  f l o w  field, Two types of  v e l u c i  t y  f i e l d s  car1 
a p p e a r  !n srlchl a f i e i d :  g r a d u a l  chengrs v e l o c i t y  and :;repi&se 
changes ,  There i o  :In i m p o r t a n t  f u n c t i o n a l  d ? f f e r e n c e  be twtzen  7,raduai 
cksaalgi.s a ~ d  s t e p w j  se Lii:es, This d i  f f  e rer~ce i s  bruughs  aSct;t by  
phgisi cat c < > z I s ~ . T ~ ~  i t t s  that g j v e  r i se  t o  t h e  s t l r c ; ~ !  us, 1.k c:,:iten;d ti::it 

step" S" ch,qngt"a i :!fern] ~ h o u t  d i s c o n t i n u . i  t i e s  I f i  deptti, ~ & : k i i  s:. g r a d u i i i  
(smocth) chariget; infoxm about t h e  ~rienratinn and siisgt? of a su r face  
Sn Jep tk~,  

Refer t o  a?-igiere 3,  m e  discont-n'neri t ies i n  d e p t h  tb&at result fx.:jrn 
sceepwise v~1ocjtji g r a d i e n t s  are ca:ised b o t h  5 y  the o c c l u s i o n  o f  orie 
s u r f a c c  t o  anctlrer, (F-a'g, ?a), and by differenrt o b j e c t i v e  :rel.ocirle; 
t h e  burEaces  ( F i g ,  :Jbi, bd7:Ch:in t h e  boundary of a particular :,r.:rEact? 
hawever,  o n l y  g r ? d u a l  changes occtx  due to t h e  shapr  or  ori~ncntdon of 
$he srtrfr-nce ( P i g ,  3 c ) ,  It J r ;  ;?aL d i f f i c u l t  t o  im;igfrae a n  o b j e c t  tk;r;e 
g i v e s  r i s e  t o  s tep re r i se :  v e i r i c i r y  gradients d u e  r j  shape (Fig, 3 d j ,  
we woa:P.d roan:;icier that object as ron: ; t r~lc ted  f ro:g ind iv idua l .  ;~rl-:'aceb, 
I n  this w;iy, con(? o f  "Lhe c o ~ ; s " I a i n % s  i s  violatecI,  and the  ma~p7;::g Ironi @ 

s t l ' r n a r l u s  t o  p e r c e p t  is more manageable, 
Harr  and Pcggio  ( 1 9 7 6 )  also ~ e c o g n i s e d  ti-rtjse c o ~ ~ s t r a i i ~ t s  fni t h e  

compuiata'ora 94" s t e r e o  d i s p a r i t y ,  'I'Ircy e::i;>r eused rhe c o n s t r a i  o t  t.he 
form of t h , ~ c 3  rul.iis, concinnity and unicjueness, idc can s t a i e  an2klngo!~s  
forins o r  thes*7 ~i11.(35 E O C  01.ir i reloc ' ty fie3.d s t i m r i l n s ,  Tl;e ;;naj.logol.rs 
r u l e  o f  c c n t i n u i e y  s e a t e s  rhnt surfaces v a r y  :xiocthky --' only  a 
fraction aE a u e h a c l t y  distr- lbir t- ir?n i s  eompnsed of h o z d e r s  that- 
co r r2spond  t o  disc0n.t  inma' tr ies i n  depth, The a n a k o g o ~ ~ s  rt1l.e oi 
riniquenc.ss? s ~ ; i ~ e s  t h a t  G. g-ivt-n point on 9 phy.c;ica% S ~ I . P ~ ~ C C ?  h a s  & i  

uniqi~e crlenraCian in spare, 
Now w i t h  t h e  kiluwledge that the c"iisfribaitio;i af v e l  r 3 t . i  t i  c..; w i  tfnii: 

a fl.oaa f j ~ % d  a r e  detcrmdxned bg  p';-rys.icaL c o n s t r n i x r t s ,  we C:~ IZ  :;EL t ~ f :  

tasks, TI.lc> fiz:_:i:  ask i s  810 s p s n j f y  a con~puta t? ; sg?a l  nacjciel, Tlac cicrdel 
w u r i l d  ope ra t e  on a v e l o c i t y  distribution t o  produce a d e s c r 9 ~ c i o n  of 
s u r f a c e  cjr i~~ntaEictn a n d  d e p t h  d -r 'scantinu4 t i e s  Thi? rle&en~~:ii r;ai:ian r: f 
l.os=.al s u r f a c e  oriei?tat-i i lu i s  ckie key ro  s j -ape  descnrilat ici.: (e*..,, g'laraar 
z~s. co~r i lg i i t ed , j  . D.i S C C E P ~ ~ I P U ~  ties of p i  def 4 r : i ~ t :  i.I.te c;r tc-nt. c i "  
sk:r"it:es, 'She anocj.c.6 C o p  s l n t w t h  su7- fac i . s  i s  g f t ' zn  i n  Ekae r i e . : ~ ~  ~ ~ ; ? c t . i ~ ! r : , ~  

S e ~ t > r a d ~  we can i?>;pi.-r-i,uental%v f i r ; iQ  our what percPyii::: aee c%tl.ai;;zed 
by v ~ & : P ~ G .  p:: 0;' ~ 8 : r t a  ! t i  a r : t . l f j c  Ba!.]:? produced - 2 . ;  i , i  r~<,p .<~, , :  

cvn$:ncasi. ii: b~nt ;Ld cs:pea"i- t.o v e r i f y  l .he  : ipd ;a :~ ; .g~  6l:c.re - -  r ha;- 



s t e p w l s e  c h a n g e s  y j e l d  p e r c e p t s  of d e p t h  d i s c o n t l n t r i t i e s  a l o n s  t h e  
b o r d e r ,  aod  t h a t  g r a d l l a l  cIaanges y i e l d  p e r c e p t s  c o n c e r n i n g  i r s hantationi 
a n d  s h a p e ,  [ fore  i n p o r ~ a n t h y ,  wz would hope  t o  f i n d  r r l ~ t ~ o n s h i p s  
beeween o b j e c t i v e  m o t i o n  g 9 r a d i c n t s  and p e r c e i v s d  n o t i o n  L r a d i c n t s ,  
A r e  s t e p w i s e  g r a d 4 e n t s  s u S j e e t i v e l y  enhanced :  Is t h e r e  a t h r e s h ~ l d  
be low which  smooth  mo t ion  g r a d i e n ~ s  a r e  n o t  p e r c e i v e d 7  How good is ehe  
a n a l o g y  be tween  m o t i o n  c o n t r a s t  and b r i g ! , t n e s ~ ,  c o n t r a s t ?  haswers t o  
t h e s e  q u e s t i o n s  would s u p p l y  i m p o r t a n t  f a c t o r s  f o r  d e t c r n i n i n g  t h e  
c o m p u c a r i o n a l  p rob lems  t h a t  t h e  v i s u a l  sy s t em e n c o u n t e r s  d u r i n g  
p c r c c p t i  on ,  

Smooth G r a d i e n t s  and  S u r f a c e  O r i e n t a t i o n  ---- - --- -- -. -..- - 

Recal l .  t h a t  we d i  s t i n g u i  s h  smooth g r a d i e n t s  and  s t e p ~  se o n e s ,  
a n d  t h a ~  smooth g r a d i e n t s  info-em a b o u t  l o c a l  s u r f a c e  o r i e n t a t i o n ,  We 
now se t  a s i d e  s t e p w i s e  g r a d i e n t s  i n  o r d e r  t o  c o n s t r u c t  a  mapping from 
smooth  v e l o c i t y  g r a d i e n t s  o n t o  l o c a l  s u r f a c e  o r i e n t a t i o n ,  

We c a n  u s e  t h e  s p h e r i c a l  c o o r d i n a t e  f o r m a l i s m  d e s c r i b e d  e a r  L J  c r .  
Fo l  t h e  s a k e  o f  s i m p l i c i t y ,  we w i l l  d e a l  wi t k  as? i n f i r t i t e s i m a l  s e c t 7 i ? n  
o f  t h e  s p h e r e  a n  F i g u r e  I ,  The s e c t i o n  i s  c u t  t h r o u g h  t h e  X-Y p l e u e ,  
ae @ = 0 ,  T h j s  two d i m e n s i o n a l  s i m p l i f i c a t i o n  i s  s h o r n  i n  F i g u r e  4 ,  A 
Lop v ies? ,  1otak;ng down t-he Z - a x i s ,  g i v e s  F i g u r e  5 ,  The g e n e r d l  case 
I s  d e r j v e d  s h u r t l y ,  

W J  t h  o u r  o b - e r v e r  moving i n  t h e  d i r e c t i o n  o f  a t  s p e e d  S, t h e  
problem i s  t o  f i n d  a mapping from t h e  g i v e n  v e l o c i t y  f i e l  a t o  a 
descr lp"car . i  uf e a c h  p a i n t  o n  t h e  s u r f a c e  X ,  IJe w i l l .  r e p r e s e n t  t h e  
v e l o c i t y  f i e l d  a s  a f u n c t i o n  f o f + ,  As f o r  F i g u r e  1, 
f ($1 ; S , s i n 6 / r ,  The f u n c t i o n  f  i s  " g i v e n "  Lo t h e  o b s e r v e r  1 a 
consehi tcnpe  o f  h e r  movement t h r o u g h  t h e  e n v i r o r m e n t ,  

kde s ~ - i J l  r e p r e s e n t  Lhe o r i e n t a t i o n  o f  a p o i n t  o n  n s u r f a c e  a s  t h e  
norm,;_l o f  Lire s u r f a c e  a t  t h e  p o i n t ,  The i n f o m a " c i s n  u s e f r r l  t o  t i l r .  
o b s e r v c r  1s t h e  o r i e n t a t i o n  ( n o r m a l )  of  t h e  s u r f a c e  w i  t h  recpecf -  
t o  fjp, 4 b e i n g  t h e  . e c c e n t r i c i t y  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  0 1  

t r a v e l ,  could just a s  w e l l  b e  t h e  a n g l e  of g a z e ,  D i r e c t i n g  t h e  gaze  
a l o n g  4 would s i m p l y  foveaLc  P, a l t h o u g h  t h e  c a l c u l a t i o n s  h o l d  
i n d e p e n d e n t l y  of t h e  a b s e r v e r C s  r e g a r d ,  No& t h e  a n g l e  G be tween  r and 
t h e  no rxa4  o t  the s u r f a c e  a t  P 2s 

Angle a s p e c i f i e s  t h e  o r i e n t a t i o n  i n  a n  o b s e r v e r - o r i e n t e d  way, 
For a  p a r t  o f  t h e  s u r f a c e  f a r i n g  t h e  o b s e r v e r ,  (p. i s  n i l ,  As pal-% sa3f 
t h e  s u r f a c e  f a c e  away f rom t h e  observer, cr a p p r o a c h e s  90*  A t  a 
( ~ h e o r e r i  c ah )  d e p t h  d i s c o n r a  trui t y ,  a i s  ( " c e o r c t i c a l l y )  Y O .  F5 g u r e  7 
shows several  v a l u e s  o l  Q and a f o r  a  s u r f a c e ,  

T h i s  r e k a t i o n s h i p  i s  a p p r o p r i a r ~ e  when r i s  known, T R  f a c t  r i s  
n o t  g i v e n  d i r e c k l y ,  but. N a t u r e  5 i v e s  u s  f ,  w i t h  which we c a n  s n % v ~  f o r  
r e  For  the s i m p l e  LD c a s e ,  r = S , s i n $  / f ( + ) ,  To f i n d  cr we need 

Tha* e g o ~ - ~ ~ n t r i c  l oca l  o r i e n t a t i o n  a o f  a s u r f a c e  i s  r h e n  

1 d f  tann -- - - d - cot$-  - log f * 
d.Q, 



Thus  t h e  egocentric Local  or le31ta t ion depends  on t h e  g rad  i e n t  of  
t h e  v e l o c i t y  f i e l d ,  df/ci+, a s  we s u s p e c t e d ,  a i s  undef ined  ar: $ = O ,  
[Jes  shou ld  e x p e r t  t h i s ,  s i n c e  d=0 d e f i n e s  what Gibson ( 4  960: 1203 ca4 Is 
ehe " f o c u s  o f  expansi  on" , 

T h i s  r e s u l t  c a n  b e  g e n e r a l j s e d  t o  h a n d l e  t h e  r e a l  case, shotm i~ 
F j g u a e  1 ,  The v e l o c i t y  f j e l d  f i s  n o w a  f u n c t i o n  o f  a  and^, It i s  
most conven ien t  t h e d  t o  r e p r e s e n e  a n  e g o c e n t r i c  l o c a l  a r i e n t a e i o n  of  a  
s u r f a c e  as  a  p a i r  a q + .  L e t  the W-axis be t h e  l i n e  t h r o ~ ~ g h  t h e  o r i g i n  
and P, Then o r e p r e s e n t s  a n  o r i e n t a t i o n  i n  t h e  W-X p l a n e ,  d e n o t i n g  a 
change i n  d e p t h  a l o n g  t h e  e c e e n t r i c j t y ,  S imjLar ly ,  T r e p r e s e n t s  a  
t j l t  i n  t h e  ICY p l a n e ,  d e n o t i n g  a  change i n  d e p t h  a long  a m e r i d i a n ,  
F i g u r e  6 shows rrlbree s i m p l e  or lenta t la 'ons  and how t h e y  a r e  d e n c t e a ,  
T o g e t r ~ e r ,  o and T s p e c i f y  a  c ~ n ~ ~ e n i e n t  egocentric orienBration i n  
space, 

where 

The g radacne  s p a c e  fo~gna l i sm (Mackuorth,  l 9 7 4 )  may b e  agproprf  a t e  
f o r  a n  implementa t ion of E q , l ,  I n s t e a d  of  m a p p i n g g r a d a e n t s o f  
v e l n c ~  t y  o n t o  an e g o c e n t r i c  o r i e n t a t i o n  which depends  on t h e  Local i o n  
of t-he Cextuse  e lenent  w i t h  r e s p e c t  Co t h e  d i r e c t i o n  of  iocomotfotx, WP 

would map all p o i n t s  of  t h e  same s p a t i a l  o r i e n t a t i o n  i n t o  :he s,ae 
poln :  I n  gracriictat s p a c e  G ,  T h j s  i s  done by ~ a p p i r z g  a  p o i n t  P air (0 

f r t o  G ( a - I - , p - a > g  The g r a d i ~ n t  space  formal ism i s  cont .enient  because  
mapped orientations a r e  i n v a r i a n t  w i t h  r e p e c t  t o  t ime  and o b s e r v e r  
i?.ov:.rnent, idoodham ( 1 9 7 7 )  a l s o  u s e s  t h e  g r a d i e n t  s p a c e  t o  r e p r e s e n t  
l o c 3 1  o r i e n t a t i o n  when g i v e n  g r a d i e n t s  of  b r i g h t n e s s  from photographs ,  

We have p r e s i ~ n t e d  a  method f o r  computing t h e  l o c a l  o r i e n t a t i o n  o f  
surfaces from t h e  velocciiry i n f o m a t i o n  g i v e n  b y  thi?  ilailtr~ral i y  
acrurring o p t i r a l  f low,  It i s  i m p o r t a n t  t o  n o t e  t h a t  t h i s  method i s  
n e i t h e r  a h e u r i s k i c  n o r  " a d  hoe" ,  Fixed t e x t u r e d  s u r f a c e s  i n  t h e  
e n v i r o n n e n t  g i v e  r i s e  to (map o n t o )  a  u n i q ~ ~ e  d i s t r i b r ~ t i o r ~  of 
v e l o c i  t i e s  when t h e  o b s e r v e r  2 s t r ? c r s l a t i n g  th rough  t h e  env i  rorunene, 
The liicthod g l v ~ n  h e r e  i s  raoth5ng more t h a n  t h e  i n v e r s e  mapping, 

Ge a r e  c t j r r r en~?y  fmplernentrng t h e  niethod f o r  t h e  c a s e  of a  
s i m u l a t e d  obsorvcr  moving th rough  a  s i m u l a t e d  environment ;  eechnicnk 
a n d  barldwidtta I ~ m i   ati ions r e n d e r  t e l e v i s i o n  m e t h o d s  uraf i  t f , ) r  
d e g e c t i n g  &he o p t i c a l  f low,  

We pl an t o  i n v e s t i g a t e  t h e  p s y c h o l o g i c a l  i m p l i c a t i o n s  of  t h e  
Eheory u s i n g  human s u b j e c t s ,  P h y s i o l o g i c a l  5 m p f i c a t i o n s  a r e  a l s o  
under s t u d y ,  T h i s  l a t e e s  l i n e  of I n q u f r y  i s  s i m i l a r  I n  naeure  t n  
D;aalid ?Ia~-r" .; (15414) s u g g e s t i o n  t a a t  r e t i n a l  phys io logy  i s  a p x x o p r i a t e  
f o r  c a m p u ~ i n g  t h e  RtLinex f u n c t i o n  (Land and EicCann,E97i), 

I t h a n k  S ,A,H,  Yowc, David Lee, David Pfarr ,  and Ki tha?-d  young For 
convc r s a t  i ons ,  
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Abstract 

Almost a l l  current  problem-solvers a re  unable t o  improve t he i r  
behavior by analysing f a i l u r e s  and a l t e r  t h e i r  planning s t r a t e g i e s .  
Only H A C K E R  /1/ provides j u s t  a few error-analys is  and error-correction 
mechanisms, b u t  there  i s  no systematic way of incorporating domain- 
speci f ic  know1 edge. 

A 3iyperp2.a;q consis ts  of a sequence of operators and meta-operators 
both linked to  various kinds of nodes f o r  book-keeping. Operators per- 
form state-transformations specif ied by conditional add/delete sets* - z .5~eta-~~peratoias a r e  capable of transforming the hyperplan they a re  part  of * 

Specific conf 1 i c t  s i tua t ions  ~poi~taneously ac t i va t e  conflict admini- 
strators t h a t  use domain-specific c r i t e r i a  to  s e l e c t  appropriate 
conflict operators f o r  resolving c o n f l i c t s ,  Both con f l i c t  and meta- 
operators can analyse a hyperplan and make appropriate corrections t o  
avoid subsequent con f l i c t s  in s imi lar  s i t ua t i ons ,  

3ipe.rP2a?zrzirzg provides a uniform approach t o  problem-solvi ng t h a t  
1, fncorporates a7 7 e a r l i e r  methods, and 
2 .  allows the analys is  of f a i l u r e s ,  the update and correction of decision 

c r i t e r i a  and planning s t r a t eg i e s  dynamically throughout the course 
of the formatiofi/kxecution of a hyperplan, 

Other innovations of the hyperplan approach a re :  
a ,  The proiection mechanism considerably extends and improves e . g ,  t ha t  

of HACKER and CSA /2/, O u r  protection technique (1) r e su l t s  in 
detect ing con f l i c t s  much e a r l i e r ,  and (2) allows to  dynamically 
change protection proper t ies ,  

b i'orifliet resoLutio7;i techniques such as revi s i  ng , renewing, unravel l i ng , 
and postponi ng solve a ?  l conf l i c t s  resolved by conventi anal tech- 
niques, b u t  do a l so  work f o r  many other con f l i c t s  where the other 
systems f a i l -  

c ,  Hyperplan execution involves exetensive protocolling t h a t  allows t o  
reconsider a1 t e rna t ive  s t r a t eg i e s  upon encounteri ng conf l  i c t s  , 



The control structures set up by a hyperplanning problem-solver can 
rather directly be implemented in terms of facetting (7SSA-actors / 3 , 4 / .  
The paper describes the problem-solver HYPOS, HYPOS provides a multitude 
of conflict resolution techniques, as well as the machinery for incorpo- 
rating domain-specific knowledge. We illustrate HYPOS by carefully working 
through two detai 1 ed exampl es. 

/I/ Sussman, G . 3 ,  A Computational Model of Skill Acquisition. Ph.D,- 
Thesis, M,X,T.-A,I, TR 291 (1973) 

/2/ Rieger, C,, P. London, Proc, 5th IJCAT-77 (Cambridge 19771487-493 
/3/ BGhm, H,P,, H , L ,  Fischer, P ,  Raulefs. Proc, AGM SIGART-SIGPLAN Syrnp, 

on AI & PL (Rochester 1977)100-108, 

/4/ BGhrn, H,P, ,  H ,L ,  Fischer, P. Raulefs, Dialogues in ACTOR nets. Tech, Rept. 
t o  be published (see also these Proceedings for an abstract), 
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1, MOTIVATION 

The axioms and the negated theorem ( the  input c lauses)  given t o  an 

automatic theorem prover are usually considered as a  s e t  of clauses.  

Only recent ly ,  111,  L31, [41 and [81 has i t  been suggested t ha t  i t  

.may be of considerable advantage to  impose some graph s t ruc tu re  upon 

the input clauses and t o  define par t i cu la r  proof procedures operating 

upon such graphs, 

In t h i s  paper we extend the connection graph proof procedure of [I] 
t o  include paramodulation, a  special ru le  of inference to  handle 

equal i ty ,  121 and [ 7 ] ,  In pa r t i cu la r  we shall  suggest the introduction 

o f  addit ional  l inks  connecting those l i t e r a l s  which can be made 

complementary under paramodulation, 
, 

To gain a  notion of the problem involved assume tha t  two one-1 i t e r a l  

ground clauses { ! - ( a ) )  and ( -L(b j1  form a  connection graph (Example 

l ( a )  1 ,  
Example 1 - 

As they stand these two clauses are  not reso7 vable with each other,Now 

i f  i t  were known t h a t a  i s  equal t o  b and some way could be found of 

entering t h i s  information in to  the cbnnection graph so as t o  be able 

to  make a  subs t i tu t ion  in to  one of the  l i t e r a l s  then the two l i t e r a l s  

would become resolvable. The i n i t i a l  idea i s  t o  introduce t h i s  infor-  

mation i n  the form of an equal i ty  unit(a:b)which i s  then connected t o  the 



cl auses by two speci a1 l inks indicating possible paramodul ati ons , 
either of b into IL(ajJ or a into {-i(b)) (Example l(b)). (These 

links will be called paramodulation links or P-links in the sequel, 

as opposed to the normal links connecting unifiable literals, here- 

after referred to as R-1 inks ) ,  

Now, to complete the idea, a link is included to indicate the poten- 

tial resolvability of {L(a)) and {-L(b)l. (Example l(c)). But just be- 

cause these clauses are not unifiable as they stand the link cannot 

be an ordinary R-link, Rather the link indicates that the two lite- 

ral s connected can be made complementary under paramodul ati on: that is 

after certai n paramodul ati on steps these two 1 i teral s may be resol ved 

upan, The information represented by such a link is absolutely essen- 

tial, if the basic principle of the connection graph proof procedure 

i s  to be extended to the case of paramodulation. Unfortunately it is 

in general undecidable, whether such a link is to be set or not and 

hence the extension of the connection graph proof procedure by para- 

modulation appears to be impossible, 

This fundamental problem w i l l  be discussed later and in the meantime two 

examples are given to demonstrate some of the advantages which would 

result if the connection graph proof procedure could be extended by 

paramodulation, 
Exampi e 2 i l  lustrates the incompatabil ii;y deletion for paramodulation 

links. The graph consists of the four clauses iL(fja,x),x),K(b)l., 

h K ( z ) l ,  ~-.L(f(y,a),a)l and Cf(a,b) r f(b,a)), All possible P- and R- 
links are set and each link is labeled with it's corresponding sub- 

stitution, e,g*  x :=  b in P-link c' ,  
Example 2 

& 
'x := b i ~ ( f  ia,x) ,x) ,K(bj) 

/ 

/ / x : = a  i 

Parainodulation links (2) and ,2' are encompatible with link *@ and 

may hence be deleted, since the respective paramodulants would con- 

tain pure literals, Note that in the case of incompatibility between 



a paramodulation link and a resolution link always the paramodulation 

link is erased. 

The point of demonstration is, that the equality unit becomes pure 

after the incampati b i  1 i ty check and hence the who1 e (equal i ty) clause 

is erased, This may lead to a snowball-effect of other clauses being 

erased as a consequence, This familiar effect from the original proof 

procedure is demonstrated here to hold also for R-?inks and P-links. 

Phis amplifies the introductory remark that the bdaltz effect is the 

more probable the more 1 inks are in the graph, Hence apart from the 

obvious motivation to provide for an equality rule in connection 

graphs, there is the additional chance that the graph enriched by 

P - l  inks may reduce much more rapidly. 

Example 3 shows that the exponential explosion of ordinary paramodu- 

lation can be avoided and that the control of this potential explo- 

sion i s  immediate in certain cases, Consider the (notorious) case 
o f  commutativity: 

paramodulation onl,nk 9 { ~ ( f  (f (bra) ,c) 11 

- pararnodalation @ on link(,?;' 

paramodulation @ on l i n k  

This example deinonstrates liow all possible (z2 = 4) permutations in 

f j f ( a , b j , c )  are generated and no additional paramodulants are derived 

as would be the case with ordinary pal-amodulation, Note that the order 

in which the links are selected i s  irrelevant, 



2 ,  THE PROBLEM 

Tn order to  achieve the e f f ec t  mentioned in the previous paragraph, we 

would l i k e  t o  have a connection graph as dense as possible.  In pa r t i -  

cu la r  we would l i k e  to  have the following l inks :  

( i  ) a7 1 complementat-y l i t e r a l s  i n  d i f f e r en t  clauses which a re  unif iable  

are  connected with a l i nk ,  ca l led  R-links; 

( i i )  a17 equations permitting a paramodulation in to  a pa r t i cu la r  l  i t e -  

ral  a re  connected with a l ink t o  t h a t  l i t e r a l ,  cal led P-'links; 

jd i  i) a77 l i  t e r a l s  which can be made complementary under paramodula- 

t ion and unif ica t ion are connected by a l i nk ,  

The problem concertls the l inks  of (iii): i t  i s  nei ther  p rac t i ca l ly  

feasable nor ( i n  general)  theore t i ca l ly  possible t o  ever s e t  a77 l inks 

of ( i i i ) ,  Consider a group G whose wordproblem i s  unsolvable, Let S be 

a s e t  of clauses containing a l l  the equations defining group S, Let 

P(wl) and "P(wZ) a1 so be in 5 ,  where irl and w:, are words in G and i t  i s  

now impossi bie t o  decide whether P(wl) and wP(w:,)  should be connected. 

B u t  suppose we do not i n i t i a l l y  s e t  a l l  the l inks i n  j i i i ) ,  then the 

following s i t ua t i on  a r i s e s :  Let S = {{a = d],{b = d) ,{P(a j , c - .P (b) ) )  

and the i n i t i a l  connection graph i s  gsven in example 4 ( a ) :  

- 
Now, a f t e r  paramodulating on 1 inks I )  and '-9, we obtain the cannec- 

+# 

tion graph <Eh"(d)l ,S-~P(d))> in example 4 ( b j ,  b u t  s ince P(aj  and -P(b) 

were not connected by a l i n k ,  the paramodulants cannot i nhe r i t  any 

1 inks,  i  , e ,  P(d) and .-.P(d) a re  not ean,neeted by a l ink and therefore  

can not be resolved upon, The obvious solution then may b e , a f t e r  each 

paramodulation s t ep ,  to search througil the whole graph and compare the 

paramodul ant with every other 7 i t e r a l  f o r  unif iabi l  i  t y ,  

B u t  t o  s t a r t  searching f o r  unifiable i t e r a l s  a f t e r  each paramodula- 

t ion s tep  would destroy the whole purpose of the connection graph proof 

procedure, which i s  precisely t o  el iminate the unsuccessful search* 

3 ,  THE SOLUTION TO THE PROBLEM 

In order t o  solve "ce problem of section 2 we demonstrate t h a t  P-links 

can have more than j u s t  the one function of recording possible paramo- 



dul a t ions ,  Their addit ional  function i s  t o  s t o r e  information, 

Consider example 4 ( a )  again in which we add another P-Sink connecting 

the d ' s  of the two equal i ty  uni ts  i , e ,  the graph now becomes: 

where ( b )  i s  obtai~?ed from ( a )  by paramodulation on l ink ,s and ( c )  i s  

obtained from j b )  by paramodulatio~i on l ink @ , 
I f  l inks a re  inher i ted  which eventually connect non-equal i t y  1 i t e r a l s  

( l i nk  @ above) a  special process i s  i n i t i a l i z e d  which checks whether 

the connected l i t e r a l s  are resolvable and i f  so then the P-links i s  re- 

coloured in to  an R-link, Otherwise i t  i s  erased,  

That i s ,  potent ia l ly  unifiable 1 i t e r a l  s are  discovered (without ex- 

haustive search) and the  appropriate R-l inks are  s e t  when needed, 

In C61 a  proof procedure incorporating these ideas i s  presented and 

soundness and completeness r e su l t s  are  obtained, Also some additional 

refinements are discussed, 
1 
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P r e s e n t e d  i s  an  implemented  s:ysterr:: CAi'T, which  u n d c r s t a r ~ d s  LISP p r o g r a m s ,  
The s y s t e m  i s  a  p rog ram d e b u g g i n g  t o o ?  and i s  i n t z n d e d  t o  u s e  p r o c e d u r a l  
k n o x l e d g e  a b o u t  c o n c r e t e  i i s t  s t r u c t u r e s ,  The s e t  o f  r u l e s  rcrhici? i m p l e m n t  
t h i s  knowledge  I s  r e p r e s e n t e d  a s  a  ( i . r : i i i c a t i q n  p r c c e s s ,  c a l l e d  t,lETA-FP.TTERnl- 
P?APKCI-IING, rhrhich h a n d l e s  " cons r : r a ined  segment  v a r j . a b l e s ! ' ,  

D e a l i r ~ g  w i t h  t h e  " v i s u a l  a s p e c t s "  o f  d a t a  s t r u i t u r e s ,  t h e  sysE~rr i  CAN 
i s  u s e f u l  a s  t h e  p r o g r a r m e r s  ' a s s i s t a i - i t t  

Kcy::ouds: l i r ~ d e r s t a n d i n g ,  m e t a - i n t e r - p r c i l a t i c ~ n ~  uni  t i c a t i a i l ,  
m e t a - p a c t e r n - n a L c h i n g ,  p r s p A g a t i a n ,  g e n s r a l i s a t i e n ,  

INTRODUCTION 

C o n s i d e r a b l e  >:ark i s  a c t u a l l y  pzrTor1iieci whose p r i m a r y  a im i s  t o  
p r o v i d e  t o o l s  x h i c h  h e l p  programnier; t o  s s s u r n  t h a t  t h e  systen!s  Fmpli3nrcnted 
f i t  t h e i r  i n t e n d e d  u t i l i z a ~ i e n ,  

Program v e r i f i c a t i o n  ijiOL%RE ?C 1,AUFR 1'37'3, I G A ? , 4 S H l  LONDO?! & L U C K 2 . W  
1 9 7 5 )  c a n  o n l y  v e r i f y  p r o p e r ~ ~ i e s  t h h t  tb; prograrfilt7er i a  e x p e c t e a  L o  p r z v i J e <  
A p rog ram v e r i f i e r  c a n  do r ; o~h ; .ng ,  r , j j  i i - i  a program on i t s  eta, Zecent wo;ks 
on program u ~ d c r s t a n d i n p  h a v e  d e n c n s r r 2 t e 2  i h e  n e e d  o f  domain d e p + n d a n t  

Itnowi.cdge ( G R E E K  S.4RSTC?:? ? 975, RIG13 SCi lRCAZ 1975j and prazmar  i c  r 3 l e s  
(WERTZ 19781, 

Imp lemen ted  sys t e in s  i n  t h e s c a r e a s  a r e  n o t  equa l  :y e f f i c i e r i t ,  T h a t  i s ,  
s y s t e m s  which  depend on t h e  u s e  o f  d ~ m a L n  d c p s n d a n i  I:nowledge zppl;. more 
e a s i l y  t o  complex  p r o g r z n s  i.n L ~ Q  domain chail tc s i m p l e  p r o g r a c s ,  
V e r i f i c a t i o n  sys t e rns  c a n  b e  h i g h l y  e f f i c i e n ;  f o r  coi.!lpler: p ' ~ . c > ~ r ~ r i l ~  ~ n 2  
e x t r e m e l y  i n e f f i c i e n r  f o r  s i m p l e  o n e s ,  

Such  s y s t e m s  lack a  p r e l i m i n a r y  u n d e r s t a n d i n g  p r o c e s s ,  C n d e r s t a n d i n g  
a  prograrn i s  t h e  a b i 1 i t . y  cc; t r a n s ] - a t e  i t  i.n 2 s p e c i a l   for;^, wei; s u i ~ e d  
t o  d e t e c t  u n s a t i s f i e d  o b j e c t i v e s ,  
T h a i  i s ,  u n d e r s i a n d i n g  i s  i n d e p e n d a n t  o f  t h e  a p p l i c a t i o n s  IT. al1cv:s: One 
c a n  u n d e r s t a n d  a  program b e f o r e  e v e n  d q c i d i n g  t o  v e r i - f y ,  c o r r e c t , ,  o r  
improve  i t ,  

lde p r o p o s e  crie C.0 s y s t e m  which  u n d e r s t a n d s  s t a t e m e n t s  b y  t r a n s l a t i n g  
t h e n  i n  a  c a n o n i c a l  r e p r e s e n t a t i o n  o f   heir m e a n i n g , i : e  t h e  m a c h i n e - s t a t e  
f u n c t i o n  t h e y  c o ~ ~ ~ p u t e ,  T h i s  i s  d i f f e r e n t  from d e n o t a  t i - o n a l  s e n a n t i c s  
(SCOTT ST?!kCtIEY 1Q71) si .nce t h i s  u i z d e r s t a n d i n g  p r o c e s s  d e l i b e r a t e l y  
a p p l i e s  t o  khe " v i s u a l  a s p e c t s i '  o f  p rog rams .  T h i s  r e s t r i c t i . o i z  i s  s u p p o s e d  
t o  p r e v e n t  t h e  u t ~ d e r s t a n d i r i g  s y s ~ e r n  from e n t c r i r g  i n t r i c a t e  p rob lems  when 
i t  i s  n o t  r e l e t r a r ~ t ,  and  tc pave  " i e  :cay f o r  s y s t c ~ l s  would exp? . icLr l .y  
v e r i  f y ,  c o r r e c t ,  i--prove or r e o r g a l 2 i s e  progz-acls 



THE NEED FOR A CANONICAL REPRESENTATION OF MEASINGS 

Computer oriented arproaches to semantic analysis of programs often 
consider the meaning of a program as it rela~es to other programs, 
For instance, (BOYER MOORE 1973, WALDINGER LEVITT 1973) would prove the 
following theorem: 

(IF (EQUAL (APPESD L L) (APPEND if M)) (ECUPL L M) T) 
as a step towards the meaning of an APPEND program, 

- CAN translates (EQUAL (APPEND L L )  (APPEND M $3)) into its canonical 
meaning: "if L and F4 are lists, the value is T if L=EI and NIL if L/f.i", 
T f  APFEND is defined by a LISP program, CAN Irnus~ understand it., that is, 
canonize it, Thanks to this representarion of the meaning of AP?END, CkX 
will easily understand the fcllowing theorems: 

- (EQUAL (APPEND L (APPENC M N)) (J.PPEND (APPEKD L M) N)) 

- (IF (EQUAL L (APPEND L MI) (KULL M) 31) 

Instead, a theorem prover wouLd have to prove then frorn the same LISP 
definition of APPEND, even if this definition is a bit a w k ~ c a r d ,  

- Another point is the diffi-cuity to f ~ l l y  express the aeaning of a 
program by a set of relations, even i f  ?.his meaning is "'visual" (AF'FEND), 
C A N r  s urlders t a n d i n g  of APPEXC, is: 

(APPEKS (a, a ... a ) ( b l  b, .,, b ) )  = (a1 a2 ... 
& a n  b1 

* * *  b ) 
A 2 17 rn m 

THE CAN SYSTEE 

, 
CAK interprets programs in abstract eovironments, TAcn given a L I S P  

program, CAN syr;..bol%cally executes its body in the most generai envircn- 
ment (KING 1975, BOYER ELSPASS CEYIT 1.375, WERTZ 1978, WEWITT 1975, 
YONEZAWA L976), 

To achieve chis syrnbolic evaluation, CAN applies functions to c;.asses 
of values, To i.va?uate the form ( L E N G T ~ ~  Lj in the abstract er~vironment: 
L = C a  a 

1 2 ' " "  
a YES 5 b ,  . ., I: ) @ CA:d bui1.d~ the intersecticn pattern 
n 1 - i~, 

of @ and the pattern (X X ... X ) rlhi.ch represents tha class of inputs 
1 . 2  v 

for which LENGTK 1s dcfxned, This is i i o ~ ~  b : ~  a process callen FfETA-PATTERN- 
'i.fnTCIIIX6 (MPPI) ~ ~ h r c h  unlfles ti~o patterns (see also STICKEL 1975, 

PATERSON 19761, In the present case, NPEf would give: 

y = zz -4- 1 + m ,  X = YES, X I O e e X  -- a 
n l e e ' '  

Xn+2a *XntfSm= ble " b  
i l t - l  ng rn 

A PRCIPXCA~~iON . ;ncdi i ie transmits t h i s  Fnfonxation to the entire current 
environment and the value y returned by LENGTH, which is now n-f-l+si, 

This example illustrates the CAN language xhich describes sets of LISP 
elcrner~ts by patterns, anti  functions over these sets by rules and sets of 
rules, 

EXAMPLE 

CANg s understanding of: 

in i;hc a b s t  rac t eni~il-ovment : x - ! x  I , =  ? I  



! x  and !I are variables whose domain is the set of LISP elements, 
APPEND is defined as: - (APPEND (?I) ( ? 2 ) )  = (?I ?2), 
? I  and 12 are segment variables, 

Here, APPEND is applied to ! I  and !I, Unification of (!1 Jl) and 
((11) C ? 2 j )  gives: 

flZ(?3) ? 2 = ? 3  ? 1 = ? 3  

These results are prcpagated on (?l ? 2 )  which gives ( ? 3  ?3), MEMQ is 
applied to !x and (?3 ? 3 ) .  The CAN definition of MENQ involves txo cases: 

n ( a .  (7 ! 4  ! 5 . ) )  represents the sequcnce ! 5  15* ... 
1 

!5  where eacI1 !5 
1 3 n i 

is different from the L I S P  element denoted by ! 4 ,  
- I n  the first case, ( !x ( 1 3  ?3)) is uaified with 

4 ( %  7 4 5 ,  ! 4  ? 6 1 ) ,  giving 
L 

I X - - -  ! 4 ,  ? h  = ? i  ( L ~  (3 !4 !5i)) ! 4  ?7, 73 =- 1%; (1 ! 4  5 !4 7 7  
i A 

The value ( 1 4  ? 6 )  returned by MEMQ becones 

( ! b  17 (a* i-7 ! 4  ! 5  ! 4  ? 7 )  
i 

- Tn the second case, M is assigned NIL and the whole form evaluates Lo T e  

But io the first Caii) the form (GI (LENGTH M) (LENGTH L)) @ mLst 
be evaluated in the abstract environment: 

Clearly,, the value of (LENGTH L)  ancl ( L E N G T H  Ei) will be rcspectivzly, 
ni-1-ia and 1-tafn-t-1-1-a where a i.s the length of ( ? 7 ) ,  CANts definj t i n ~  of 
GT states that in all cases, @ evaluates to T, CAN yields t h z  fix21 
result: n L - ((3): i " t 4  ! 5 . ) ) ) ,  % = i4 ---+ T 

i. 1 

h i r l i o ~  of the two rulcs gives the canonical meaning: 
L - (?9), X = ! 4  ---+ r 

This META-INTERPRETATION ( M I )  process may not terminate in the czse of - iieracive or recursive progranis. ror examyle: @ 
6DE REVERSE (L t i )  

(IhrnILE; I, 
(SETQ FI (CONS (CAR 
i s ~ r Q  E (CDR L))) 

bf 1 
CAT needs to syrnboliczily evaluate @ only once. This leads i o  t h e  rule: 

L - (91 121, M - (73) ---+ L - ( 1 2 1 ,  FI - 1 ! 3  ? 3 )  @ @ 
PIP@ o f  these tico environments represeil~sthe modified parts under the form 
of a "set of dynamic eqiiations": ?3  = ! I  ? 3  ? 2  = ! I  3 2  . 

A GENERALISATTON process perxiit s to "so LveTs such equations. The resul L- 

is the state of the environment after n iterations: 

II n 



W%en the equation cartnot be solved, one may use structural induction on 
the equations in order to prove theorems (BU?.STALL 19691, slnce the eqaa- 
tions explicitly represent the difference of complexity of data between 
two activations of the same process, 
MI then proceeds. MPM seeks an 'bn" for which the process stops, by unriv~ng 
the state of L after n iterations: L .= ( ? 2 )  wit11 the state requlred 10 

end t h e  process: L = ( 1  This g ives  ( ? 2 )  = ( 9  By F R 0 P i A T I O : I  on@ *he 
finat translation of REVERSE is: 

VICIOUS C I R C L E S  - 
I41en do we stop MI and start to generalise or do inducticn ? 

There is no reason to stop MI of (~THTL'; (C4.R L) (SETQ L ( L I S T  iCDP L) j 1 i @ 
ehough i t  contains a W I L E  fonn, because it xiil stop on its a\.:n after 
two iterations at most, The solution is to stop at each drt:cction of a 
"vicious circle", i>Then Mi of a L I S P  f o m t  F in an env.;rcnment E leads I c 
the MI of F in environment H, and E may be unified i,!ith H, a vicious 
circle is detected, 

in exampie @ F is (~IT-IILE L ...), i: is @ and '1 is @ 
in cxarnple 0 , F, is L = ( ( 7  NI1, !l) ? 2 ) ,  H Ls L = ((?2)) 

Piow, ((9 NIL ' 1  1 ?2) azd ( ( ? 2 ) )  rrLay not be unified since ?2 s h c ~ !  d hi: 
both empty and non-empty, So, XI tau proceed, 

DISZI??  SION .- 

T ~ P  propert!. of canonicit-.y of CAN statements is closely related to 
PIFM'S ability ti, unify pattsrns, SLi~ce ice lcno;; of no general s a l ~ i t i o :  LO 

the i!nifica~ion of pacterns wiih sep,~eilt \/ariables, we canncc ascertain 
that every C A X  sta:ei;ient is t k c  only r-epresentaiion of tfre func~icn it 
denatcis, Canonicity is a goal towards which .n.e must proceed b y  e~tendi~.,: 
tboth I s r i g i i a ~ e  CAX? s descri3tive pc-.;ier and P!PFl% ffeasaSility. 

That Ls, we do riot 'i.kink rhat the search ior c, geceral r~!~iL'icr is 
worthv:flile since some unifications are not quit-e natural- An exc:nple i.s 
the unificaiion of (:"I 1 2 )  and ( 7 2  ? I )  whose result is the un3ei-sLa~7diri:: 
of (EqUAL (APPEND L M) (APFEED PI L)), 

i:e: if L = ( ( a ?  ?3;) arid M = ( ?l)) the value is T and IIL othen.~iia. 
1 

Rather, the notivation which underlies CAN is to understand in a 
straightforward nanner the utmost of what wauld be considered ty a pra- 
grammer as "visual ly i;nder standablewe 

CONCLUS IOhu' 

rnakes CAN an estrenely usefzl program debugging tool. is that the 
interpretatio!~ of CAN progra:as is 2 particular case of their meta-ini;er- 

pt-etatj.cn, 
CAN has actually been run on large programs (like a pattern-catching 

algorithn) with some fifty CAN definitions of basic L I S P  functions at 
its disposal, 

It is written i n  VEISP-I0 (CHkZLLCLrX 1976, GREUSSAY 1976) and occupies 
about 10,000 cons-cells* 

isle i.ntend to pxt CAN in the service of understanding ~'~st.crns whi.ch 
would be speclalised in narrow areas, 
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Abstract 

The purpose of this paper is to propose a formal framework for struc- 
turing and embedding the heuristic information, in order to allow an a7 - 
goritfimic computation, in quite genera? cases, of the evaluation func- 
tion h (nj of the classical Hart-Nilsson-Raphael algori thm. The notion 
of semantic graph is first introduced, in which the atomic notion of 
node is expanded by associatino to it an internal stricture where the 
heuristic information i s  inserted, Zt is proved that h(n) can be compu- 
ted by solving an auxiliary problem, obtained from the original one, 
by adding new arcs, and of smaller co~plexity than that one. A class 
of algorithms For the computation of h(n) is then defined, The validi- 
ty of the model proposed i s  dfscussed in detail, 

Introduction 

The problem of finding an optimal path through a graph in an efficient 
why is still a central one in many domains of scientific and engineer- 
ing importance (Hart et al, 1358, Pohi 1970, Nilsson 1971)- Heuristic 
search strategies, which aim to combine the two often contrasting re- 
quirements of generality and efficiency, have been proposed by several 
authors in the past (Hart,et a7, 1968, Ernst 19&9) ,  These methods are 
all based on the assumption that the graph model can not embed a71 the 
relevant information for an efficient solution of the problem (Pohl 
1970, Montanari 1970)-  Therefore, a supplementary heuristic information 
must be drawn from the semantic domain of the problem to be solved. 
This new information is then utilized to guide the search of the path 
through the graph, Depending on the formal way in which the heuristic 
information is expressed and on the manner in which it is used, diffe- 
rent algorithms were proposed, We are interested in this paper in exa- 
mining more cl osel y the Hart-Ni l sson-Raphael al gori thm (Hart ,et 37, , 
7 968) which stil l represents a central resule iqi thin heuristic search, 
In this algorithm, the heuristic information is embedded i n  a f~nction 

Q(n)  , cai led evai uation function, which maps each node n of the graph in 
an integer, Ncthing is still said about the manner in which the heuri- 
stic .information can be expl icitatzd in order to compute the evaluat- 
ion function (more precisely, the htn) part of ?jn))in a general case). 

The purpose of this paper is to propose a formal framework for struc- 
turing and embedding the heuristic information in order to glow an 
algorithmjc computation, in a general case, of the function h(nj of 
the Hart-Nilsson-Raphael algorithm* 



The c e n t r a l  i d e a  i s  t o  expand t h e  atomic  n o t i o n  o f  node o f  a  graph by 
a s s o c i a t i n g  t o  i t  an i n t e r n a l  s t r u c t u r e  i n  which t h e  h e u r i s t i c  i n f o r -  
mat ian i s  i n s e r t e d .  Moreover, t h e  n o t i o n  of a r c  i s  expressed i n  a  new 
l o g i c a l  formal ism,  more s u i t a b l e  than  t i e  a l g e b r a i c  one, f o r  t h e  p r o -  
cess ing  r e q u i r e d  i n  t h e  computat ion o f  h ( n ) ,  I t i s  then  proved t h a t  

A 
h(n )  can be computed, f o r  each n, by s o l v i n g  an a u x i l i a r y  problem, 
e a s i l y  o b t a i n a b l e  f rom t h e  o r i q i n a l  one and of s m a l l e r  comp lex i t y  than 
tha,t bne. A c l ass  o f  a l go r i t hms  i s  a1 so proposed f o r  t h e  computat ion 
o f  h ( n ) .  

The i m p l i c a t i o n s  o f  t h i s  new a lgo r i t hms  on t h e  Hart-Ni lssan-Raphael 
a1 g o r i  thm and t h e  v a l i d i t y  o f  t he  whole model a re  d iscussed i n  d e t a i  1,  
H i n t s  a r e  g iven  as w e l l  f o r  a  c r i t i c a l  comparison and p o s s i b l y  f o r  an 
a b s t r a c t  e v a l u a t i o n ,  between t h e  computat iona l  comp lex i t y  o f  t h e  new a1 
g o r i  thm proposed and t h e  c l  a s s i  c a l  D i  j ks t ra -Dan tz i g  a1 g o r i  thm (Johnson- 
1973, M a r t e l l i  7977). 

The r e s u l t s  here presented c o n s t i t u t e  a  p a r t  o f  t h e  research e f f o r t  ca r -  
r i e d  on by t he  au thors  i n  deve lop ing  a t heo ry  o f  problem s o l v i n g  (San- 
g i o v a n r ~ i  V i n c e n t e l l i , e t  a ? .  1973, Guida,et a 7 ,  7975 and 1977, Guida and 
Somalvico 8976), 

Bas ic  d e f i n i t i o n s  

I n  t h i s  s e c t i o n  we p resen t  t h e  b a s i c  concepts and d e f i n i t i o n s  o f  ou r  
t heo ry .  L e t  us f i r s t  r e c a l l  some fundamental d e f i n i t i o n s  about graphs, 

A i s  a  couple  G = (N,E), where : 

- N i s  a nonempty s e t  o f  nodes; 
- E t NxN i s  t h e  s e t  o f  

A a t h  s f  a graph G = (N,E)  f rom a node n j  to a node n j  is a s t r i n g  
o f  5 no es d = nanlny . nk. s e t , :  

- 
no - ni 

("t'"tti) E E 3  f o r  t = 031 3 e  3 k - l  

The /a/ of  a p a t h &  = n  n . . ,n i s  t h e  i n t e g e r  k ,  I",e., t h e  num- 
b e r  i n  i t ,  a 7 k  

On t h e  b a s i s  a f  t h e  fo rma l  s t r u c t u r e s  above presented, we i n t r o d u c e  now 
ou r  f i r s t  d e f i n i t i o n  o f  problem, which s t r i c t l y  r e f l e c t s  t h e  c l a s s i c a l  
model s  proposed w i  t h i n  t he  state-space approach (Mi l sson 1971 , Sangio- 
vanni  V i  ncen te l  1 i and Somalvi co 1973) ,  We denote t h i s  d e f i n i t i o n  as 

I n  f a c t ,  i t  i s  o n l y  s t r u c t u r a l ,  o r  s y n t a c t i c ,  
i n t e r n a l  na tu re  o f  nodes and a rcs  i s  n o t  taken 
elements a re  j u s t  cons idered  as atomic concepts,  

T h i s  s imp le  model w i l l  c o n s t i t u t e  t h e  ske le ton  o f  t h e  new represen ta -  
t i o n  t h a t  we s h a l l  i n t r o d u c e  l a t e r  on and t h a t  we s h a l l  denote as 

up le  P = (N,E,i,F), where (N,EJ i s  a graph and : 

- i N i s  t he  i n i t i a l  node; 
- F E N  i s  t h e  i n a l  nodes, 

A s o l u t i o n  x o f  a problem P = (N,E,i,F) i s  a p a t h  o f  (N,E) f rom 5 t o  
a  F, 



A solution ? of a  problem P i s  minimal i f f  : 
r - 

x = m i n { / x ~  x i s  a s o l u t i o n  of P 

The senran"ic descript ion of the state-space approach to  problem solv- 
ing we are  new going to introduce i s  j u s t  a  pa r t i cu la r  case o f  the more 
general concept of problem task presented in (Guida and Somalvico 1976) ,  
fh i  s par t i cu la r  case has been choosen in  order t o  show in de ta i l  how 
the introduction of semantic elements i n to  old syntact ic  models can 
allow the def in i t ion of more e f f i c i e n t  search algorithms, In f a c t ,  the 
semantic descript ion i s  j u s t  intended f o r  enabling the computer t o  pro 
cess and u t i l i z e  in the correct  way, by means of a  f u l l y  automatic pr; 
cedure, some heur i s t i c  informations, supplied to  i t  within the problem 
representat ion i t s e l f ,  In pa r t i cu la r ,  the cent~ta l  purpose of the seman- 
t i c  mdel we propose i s  t o  cons t i tu te  a  formal basis f o r  s t ruc tu r ing  
and embedding the heur i s t i c  information i n  order t o  allow an a lgor i th -  
mic computation, in a  general case,  of the evaluation function of the 
Hart-Ni 1 sson-Raphael a9 gori t h m  The r icher  information, which i s  pro- 
per of the semantic descr ip t ion,  i s  embedded in the state-space repre 
sentat ion by expanding the notion of s t a t e ,  and by associat ing to  eaFh 
node a  s t ruc tu re  in  which the new information i s  inser ted  (Sangiovanni 
V i  ncentel 1 -i and Sonia1 vie0 1973, Gui da and Soma1 vi co 1 9 1 6 )  . 
Before presenting the def in i t ion  of semantic problem, l e t  us enr ich ,  
from a  formal point of view, the graph s t ruc tu re  above presented* 

Let: 
- A = < a 1 " " 2 0 +  s a k S  

a k - t u u l  e of  a t t r i bu t e s  ; 

- f o r  i  = 1 , 2 , ,  , . ,k, a  f i n i t e  lionempty bet, of values, associated t o  
the a t t r i b u t e  a .  E A (where the symbol E denote "membership" ' n  
the k-tuple) ,cai  led the domain of ai  ; 

- V = c Y , " 2 , u e 3  V k  > the K-tuple of domains. 

An f o r  an a t t r i b u t e  ai  E A i s  a couple 

'; v . .  
7 

The a t t r ibute-value  couple s e t  associated t o  an a t t r i b u t e  aiE A i s  the 
s e t :  

1 c . / c i  = ( a i 9  V ~ ) A  v i  t V i  

t3_r '6 i s  an element of the s e t  : 

- N =. X C .  
aiE A I 

which i s  ca l led  the -- universal S-nodes s e t  defined on the couple ( A , V ) .  - 
i s  a  fourtuple G = ( A , V , J T  ,A ) 

f i n i t i o n ,  and r 

- n i s  a  f i n i t e  s e t  o f  predicates. 06 one arguwnt  on the s e t  N, cal led  
prope r t  i es ; - 

- A i s  a  f i n i t e  se., of predi cates of two arguments on the s e t  N, cal led 

:be predicates n 6 Ti and A 6 A , which are expressed i n  some lo-  
gical ca lculus ,  a re  not unique; i  , e , ,  they can have several equivalent 
expressions ( N i  l ssan 1971 , Sangiovanni Vi ncentel l  i  and Somalvico 1973) * 



We can therefore assume that  they must be s e t  in some normal form, 

The logical expressions of K and h are formulated by uti l iz ing the a t -  
t r ibutes  and the values, 

Yo each S-graph i t  i s  possible t o  associate exactly one underlying 
graph, which constitutes the more elementary syntactic skel e t ~ n  a f  the 
S-graph, More precisely, the of the S-graph G = JA,V, 

, A )  i s  the graph G = (N,  

Note that  the concepts of graph and S-graph ref lec t  two different gene 
ration s t rategies ,  imp3 ic i  te ly  contained in the i r  definit ions.  In facx, 
the definition of a syntactic graph i s  o b t a i ~ e d  by specifying (by means 
of the s e t  E )  which nodes of ar: iiri?.it?al l y  ful ly  separate graph j i  . e . ,  
a graph having only the nodes in N and no e connected by 
an a rc*  On the other hand, the S-graph de ined by speci - 
fying (by means of the s e t s g  and A ) which nodes, within a se t  of pos- 
s ible  ones, belong to the graph and which arcs have t o  be pruned from 
an original ly c graph, 

The concepts of path and length are s t i l l  valid and maintain the i r  mea- 
ning for  S-graphs by referring them t o  the uncerlying graphs. 

Let us present now the definition of semantic problem. 

A - i s  a sixtupl e :  
P ,V, F ,A i s  an S-qraph and : 

- i E N i s  the in f t i a l  S-node; 

- F c l  !4 i s  the set  of the final S- lodes; 

4f ( F d , E j  -is the graph underlying ( A ,  V , ~ , / B ) $  
The concepts of solution and minimal solution above presented are s t i l l  
valid for  S-problems. 

Let us i l l u s t r a t e  th i s  definition by means of a simple example, We will 
consider the classical well know Eight puzzle and we refer for  i t s  de- 
scription t a  the l i te ra ture  (Piilsson 1971 ) .  

I n  t h i s  problem, we identify,  according to the previous definit ions,  the 
following 9-tuple A of a t t r ibutes  : 

where a. i s  the empty t i l e  and a . ,  for  i  = 2 8  i s  the i-th t i l e .  
For i = 0,1 ,. . . ,8, the se t  of values V .  associated to  the t i l e  a i  i s  
the se t  of a l l  the possible positions bf the i-th t i l e .  

Recalling the description of the puzzle, i t  i s  t r iv i a l  t o  observe that 
the se ts  of values associated to  every t i l e  are a1 7 equal , name1 y: 

- 
where 3 i s  the s e t  of the f i r s t  three natural numbers, i , e . :  



For each v -  = ( x , y j  t V . ,  the f i r s t  element x denotes the row occupied 
by the  t i l e  ai  , h i e  the second element y denotes the column occupied 
by the t i l e  a i .  

In order t o  complete the semantic descript ion of the puzzle, the s e t s  
of the propert ies and of the legal c o n d i t i o n s n  and have t o  be indi-  
viduated, In t h i s  puzzle the only condition t o  be f u l f i l  led i s  t ha t  
two t i l e s  a re  not allowed t o  occupy the sane posi t ion,  Therefore we in - 
traduce the f a l l  owin property rt , defined as a  logical  predicate 
of one argument on - ( reca l l  ghat : 
n = ((ao,vo)3(a,9vi)3..a3(a33~Ci1): 

- ( )  ( f o r  i, j = 0 8  i ( i + j ) 2 ( v i # v j ) )  

According to  the descr-i; t ion ,  we have to  formalize t h a t  only two t i l e s  
can be moved in the same time, Therefore we d e f i n ~  the legal  condition 
Xi : 

- 
h , ( E g ,  n")  E ((3 ! i ) ( 3 ! j )  ( (v ;  + v ; ) ~  ( v i j  + v;))) 

(where ( 3 ! i )  means: itcixilists exactly one i such t h a t ) %  

The legal condition l?\ i s  re la ted  do  the f a c t  "cat one of the moved "c- 
i e s  has t o  be the empZy t i l e  : 

- 
( n ' )  r ( v b  = V "  

0 
Another f a c t ,  which is defined by the legal condition , expresses 
t ha t  the exchange can be done i f  the two t i l e s  are  on t i e  same row or 
on the same cn? umn: 

The l a s t  legal condition h i s  re la ted  t o  the f a c t  t ha t  the two t i l e s  
have to  be adjacent t o  each other  : 

Let us o ~ t l i n e  t ha t  the new S-problem model introduced i s  adequate f o r  
the  purpose we proposed i t  f a r ,  In f a c t ,  the  S-graph s t ruc tu re  on which 
i t  i s  based can embed more information than the graph model. bforeouer, 
i t  represents a  valid formalism for  representing problems within the 
state-space approach, We shall  show, in the next section,  how ihr sup- 
plementary informatdon contained in the S-problem model can be effec-  
t i ve ly  used fo r  the precise def in i t ion of the heur i s t i ca l ly  guided 
search a1 gori t h m *  

Coniputing -. the eval uation func"con 

This section i s  devoted t o  preseut a ixrmai framework which allows the 
zutomatic computation of the function h ( n )  on thebasis  of the supple- 
mentary infovnation embedded in the problem representation prepared. 
A n  algorfthm which performs the proposed technique i s  provided, 

In the fo l l o i~ ing ,  we assume the knowledge of the Hart-Hilsson-Raphael 
a1 gorithm (Hart e t  a1 , 7968), 

Let us f i r s t  introduce a  prel im-inak-y defini  "cia 8.1. 



Given an S-problem P = A i F an auxii iary S-problem for  ? i s  
ar? S-problem P"=(A\,V\ , ' , / l \ i ' ,F")  , s t , :  

- - P'c P denotes that  T i  i s  an auxiliary S-problem of P. 
Theorem - 
kt F" 'G  P and x '  a minimal solution of 3 '  ; then ) 4 h( i ) .  
Proof: The formal proof of the theorem i s  quite easy t o  be obtained,but 

rather heavy t o  express- let  us only reca l l s in  an informal way,its 
main steps,-Because of the definition - of auxiliary S-problem, the graph 
underlying P '  (more precisely, G ' = ( A '  , V '  $77 ',A' 1 )  i s  more conAex, i , e . ,  
i t  has more arcs,  than the graph underlying PLn~ore precisely, G=JA,V,E 
A ) ) .  In other words, tJe se t  of the arcs of P i s  exactly a subset o f  
the se t  of the arcs of P i e  - 
Moreover, h ( f  ) i s  the actual length of a minimal solution x of P a  The- 
refore "ce thesis folloig~s~ 

This theorem constitutes the basis for a mdif ied version of the classi  - 
cal Hart-Nilsson-Raphael algorithm, that we are go.t~g to present. 

1. Given the S-problem p-(A,v,?? , A  , i ,F) ,put  i in the OPEN l i s t ,  compu- 
t e  a i l  the successors o f  i, and p u t  then in OPEN,  

Z e  Construct, for  275 the k successors o f  i an auxiTiary S-problem - 
P% P-, where P- = JA,V,R ^ $ , A ,  n,F), A 1 1  the k auxiliary S-problem 

muse share t h @  same subset ofA . 
3 ,  For each auxiliary S-probSem P L - ,  find the minimal solution, The k so 
, lutions are obtained in paralley thus constructing w i t h i r  the graph- 

Ghnder ly ing  "ehe auxiliary S-problem ? '  a solution fores t  T '  G 6 '  
the leaves gf which are a11 the i n i t i a l  nodes of the k auxiliary 
S-problems P 1 % .  the roots of which belong t o  the se t  F of final s ta tes .  

4, Compute the evaluation function of the nodes in OPEN on the base of 
the costs of the solutions obtained in 3, 

5. Apply the Mart-F4il sson-Raphael algorithm until new nodes are inserted 
in OPEN.  

6 .  For the new nodes inserted in OPEN find i n  G '  the  minimal distance 
From T \  Assume such distance as a subminimal solution o f  the auxi- 
l iary S-problems associated t o  the new successors and go back to  3 .  

Conclusions 

The algorizhm proposed doesn't specify haw to  construct the auxiliary 
S-problem P ' -  (i * e . ,  how t o  choose A % A 1 ). The choice of A ' im- 
plies the pr@cise evaluation of the relations existing between the fol-  
lowing tiaree  ti t i e s :  e x t a t  of P'\ ' in comparison to goodness of 
the estimate h ( E )  compared to  h ( n ) $  complexity of the resulting au- 
xi l iary S-problem T t n .  Clearly,both h(E) and the complexity o f  P '  in 
crease as A apvoaches A . In particular,  i f  /\' 2 A we obtain ?he- 
optimal estimate h(E) = h ( K )  , b u t  the solution of P': (possibly by 
me3ns of the Di jks tra-Dantzig al gori t h m j  requi res too much computational 
e f fo r t ,  W more precise insight into th i s  question can be obtained by 



i n t r o d u c i n g  t h e  d e f i n i t i o n  t h e  power o f  each l e g a l  c o n d i t i o n  t a 

The 11 11 of a  l e g a l  c o n d i t i o n  c A i s  t he  i n t e g e r  

(where Rr: A denotes t h e  c a r d i n a l i t y  o f  t h e  s e t  A )  where : 

4 7 s  t h e  s e t  o f  t he  a rcs  o f  t h e  graph u n d e r l y i n g  t h e  S-graph hav ing  
A = f i  - as l e g a l  c o n d i t i o n  s e t ;  

-N i s  the  s e t  o f  t h e  a rcs  o f  t h e  graph u n d e r l y i n g  t h e  S-graph hav ing  
A as I n g a l  c o n d i t i o n  s e t ,  

The power o f  a  l e g a l  c o n d i t i o n  1 g i ves  an es t ima te  o f  t h e  g r e a t e r  con- 
nexness o f  t h e  graph un r i y i n g  t h e  a u x i l i a r y  S-problem P ob ta ined  
by s e t t i n g  /$' = A  - { 
C l e a r l y ,  t h e  computat ion o f  t he  power o f  each l e g a l  c o n d i t i o n  r e q u i r e s  
an e f f o r t  ( r u n  t ime  and memory s t o rage )  which must a1 so be c a r e f u l l y  
taken i n t o  account,  

We a r e  now devel op ing  a  t h e o r e t i c a l  i n v e s t i g a t i o n  on e v a l u a t i n g  the  
t r a d e  o f f  on t he  comp lex i t y  o f  t h e  d i f f e r e n t  techniques t o  adapt f o r  
choosing t h e  s e t  pli "Johnson 1973, Ma r te l  1 i 1977) .  An exper imenta l  
a c t i v i t y  f o r  t h e  ac tua l  t e s t i n g  o f  t h e  method i s  a l s o  planned. 

References 

Chang C * L , ,  S l a g l e  J,R, - ""W Admiss ib le  and Opt imal A lgo r i t hm  f o r  
Searching A!.ID/OR Graphs" - A r t ,  Ent. 2 (1977 ) ,  pp. 11 7-728, 

Erns t  G.  - " ' ~ u f $ i c i e n t  Cond i t i ons  f o r  t h e  Success o f  GPSN-J, ACY, Va l ,  
7 6, pp. 51 7-533, October 1969, 

du i  da 6, , Mandr io l  i D, , Somal v i  co M, - '%n I n t e g r a t e d  Theory o f  Problems 
as an A l  gebra i  c Base f o r  Complexi ty Understanding and Automat ic Problem 
So l v i ng "  - Pmc ,  7 th  I F I P  Gonf, on O p t i m i z a t i o n  Techniques, Nice,  Sep- 
tember 1975, Spr inger  Ver lag,  Meidel berg.  

Gui da 6 .  , Mandr io l  i O ,  , Soma1 v i c o  lt4, - "An I n t e g r a t e d  M o d e h f  Problem 
So lvers "  - I n f o r m a t i o n  Sciences 13, pp, 17 -33,7977 

Guida G . ,  Somal v i c o  M, - "Semantics i n  Problem Representat ion and Searchu'- 
I n f .  Proc,  b e t t e r s ,  5,s - pp *  141-745, 1976. 

H a r t  P,E,, N i l s s o n  N,J,, Raahael 8. - " A  Formal Bas is  f o r  t h e  H e u r i s t i c  
De te rmina t ion  o f  Minimum Cost Paths" -1EEE Trans, Sys. Sc i  , Cybernet ics ,  
y o l .  SSG-74, no, 2, pp,100-707, J u l y  1968, 

Johnson D,B, - " A  Note on Da"J'ks"ca 9 SShr tes t  Path A l g o r i t h m u - J e  ACM 
Vol, 20, pp.385-388, J u l y  1973, 

M a r k 1 1  i A, - "On t he  Complexi ty o f  Admiss ib le  Search A3gor j thms"-  
A r t ,  I n t .  8 ( 7 9 7 1 ) ,  pp, 1 - 1 3 *  

Montanar i  U.  - " H e u r 2 t i  c a l  l y  Guided Search and Chromosome Matchingu- 
A r t ,  I n t ,  1(1970) ,  pp,227-245, 

N i l  sson N ,J .  - ' T r o b l e n - S o l v i n g  Methods i n  A r t i f i c i a l  I n t e l  1  jgencel '- 
Mc Graw-H i l l ,  New York, 1911, 

Sangiovanni  V i n c e n t e l l i  A , ,  Somalvico M ,  - "State-Space Approach t o  
Prob lem-Solv ing Op t im i za t i on  - Proc.  5 t h  I F I P  Gonf. on Op t im i za t i on  
Techniques, Roma, May 7973, Spr inger  Ver lag,  Heide l  berg.  



HAM-RPM: NATURAL DIALOGUES WITH AN A R T I F I C I A L  PARTNER 
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ABSTRACT: This paper introduces the understanding systm HW-RBM, which 

simulates a dialogue partner conversing about a real-life domain, After 

outlining the system's overall structure, we discuss three of its distin- 

guishing features: The first is its organization of spatial data in a re- 

dundant multiple data base, inspi red by certain aspects characteristic of 

visual search in humans, A new algorithm for noun-phrase generation is 

then sketched which is sensitive to the conversational state and uses a 

'worst-case-fi rst' strategy, Final l y, we describe in some detai l a speci - 
fic operationalisation of the notion of the communicative relevance of 

objects, The paper concludes with a summary of the objectives of this 

research. 

DESGRiPTtVE TERMS: natural Ianguage processing, dialogue simulation, 

Focus of attention,,reference smantics, visual search, FUZZY 

1 .  S Y S T E M  OVERVlEW 

The A l  system HAM-RPM E l l 1  can be classified as a parsed, content-moti- 
vated natural language system 1141, It simulates a dialogue partner 

conversing in German [123, At present we are testing the system on two 

different dmains: the interior of a living room and a natural traffic 

scene, The former is a typicat A !  toy world, the latter a real-life 

domain with many challenging aspects [1 ] , [2 ] ,  The conversational setting 

is as foB lows: the system is observing the scene through an artificial 

eye; the user, who cannot see the scene but who Is familiar with the 

setting or has a photograph of it, asks the simulated dialogue partner 

about its current state. 

The system is implemented in FUZZY, a LISP-embedded PLANNER-type language 

which provides a number of facilities for representing and manipulating 

fuzzy know1 edge E81, 

The heterogeneous know1 edge base i ntegrates various procedural and decla- 

rative representation languages, including production rules, semantic nets, 



pa t te rn -opera t  i on  r u l e s  and FUZZY antecedent theorems a Large p a r t s  o f  

t h e  k n w l e d g e  a r e  coded i n t o  a conceptual  and a r e f e r e n t i a l  network, bo th  

o f  wh ich  a r e  composed around a s e t  o f  p r i m i t i v e  s t r u c t u r a l  and a s s e r t i o n a l  

l i n k s  [163. i n  the conceptual n e t  f a c t s  a r e  represented which a r e  t r u e  i n  

a l l  p a s s i b l e  s t a t e s  o f  t h e  micro-wor ld ,  whereas t h e  r e f e r e n t i a l  ne t  conta ins  

f a c t s  t r u e  i n  the c u r r e n t  s t a t e ,  So t h a t  a user  unaquainted w i t h  the  pro-  

gram can a l t e r  t h e  knowledge base, t he  bas i c  system r e t r i e v e s  a i l  o f  i t s  

s p e c i f i c  knowledge from e x t e r n a l  f i l e s  (F ig .  I) w r i t t e n  i n  a se l f -exp lana-  

t o r y  n o t a t  ion, 

- idiom* - csnceptudl - referentiai 
- l e x i c o n  s m n e l e  n e t ~ r k  s m n t l c  netrork 
- L . Y ~ ~ Z X  rules - procedural - L r a n ~ f ~ r n t ~ ~ n s  semantics - v i s u a l  data 

F A C T S  I 
I K H Q M L E D G E  B A S E  

NETWORK SEARCH 

AND D E M l C T l O N  

TRAHSFORKArtOXS A P P L I C A T I O H  OF 

COBTEXT-FREE PARSING S P A T l A L  PREDICATES 

GEXERBTiOW OF 
BEEP STRUCTURES 

D rhLaGUE CONVERSATlOMAL 
COHERENCE UTTERANCES 

Fig . .  1 

Dur ing t h e  processing o f  an i n p u t  sentence i n t e r a c t i n g  semantic, pragmat ic 

and s y n t a c t i c  procedures a r e  a c t i v a t e d ,  However c e r t a i n  types o f  i n p u t ,  

e,g, s imple 'wh ich t -ques t i ons ,  a r e  processed w i t h o u t  complete pa rs ing  by 

s p e c i a l i z e d  and t h e r e f o r e  ve ry  e f f i c i e n t  i n fe rence  procedures. D e f i n i t e  

noun phrases a r e  replaced by r e f e r e n t i a l  equ iva len ts .  The re fe ren ts  o f  

pronouns a r e  determined by c o n s u l t i n g  a s p e c i a l  CONTEXT which conta ins  a 

record  o f  p r e v i o u s l y  mentioned o b j e c t s *  The c r i t e r i a  a p p l i e d  a r e  gender, 

number and recency o f  mention, The system can ask the  user f o r  any f u r t h e r  

i n fo rma t ion  i t  requ i res  a t  va r ious  p a i n t s  du r ing  the  d ia logue,  

HAM-RPM handles e l l i p t i c a l  expressions;  t h i s  i s  o f  g rea t  importance i n  



natural conversations, where the sentences used are by no means always 

complete. If the system's attempts to parse an input as a complete sen- 

tence fail, i t  backs up and starts an erllj*.iis-pecognition process: the 

analysed elliptical expression is matched against the shallow structure 

of the previous sentence and expanded to a complete sentence. An improve- 

ment over the ellipsis facility of LIFER E71 is that for the construction 

of the deep structure of the expanded sentence full parsing is not per- 

formed; instead, part ic~ilar constituents are projected onto the deep struc- 

ture of the previous input. 

A s  our emphasis,iike that of the projects described in 1311[53, is an 

natural dialogues, the handling of fuzzy knowledge, including the generation 

of linguistic hedges,is of major importance for our system. A certain 

degree of camunicative competence is mbodied in the generation component 

of the system. Thus the form of the system output is determined in part 

by the current focus of attention [ 4 3 .  

2,  THE HANDLING OF S P A T I A L  RELATIONS 

S p a t i a t  relationships are often mentioned in the dialogue situation de- 

scribed above, on the one hand because they form the topic of certain ques- 

tion~, e,g, Haw m n y  people are standing to the r i g h t  of the old woman?, 

and on the other hand because they are frequently used to help identify 

objects (see below, section 3 ) .  

Although the locations of our objects are represented simply by single 

points in a 2-0 coordinate system, we have found i t  worthwhile to develop 

a relatively complex structuring of the visual data which makes it possible 

to model certain aspects of the visual search process in humans: While 

searching w i t h i n  a scene for an object which satisfies a given description, 

a human being can use the information available during a given fixation 

not only to examine an object located in the center of the visual field, 

but also to direct his eye movements toward potentially relevant periphe- 

ral objects f'i31. This capacity, which in humans is based on low-level 

parallei processing, can be approximated through the use of a redundant mul- 

tiple data base' e93: For each point P in our coordinate system a separate 

' 1  The efficiency of this realization depends on the way in ~ h i c h  multiple 
data bases are implemented; FUZZY'S implementation i s  favorable in this 
respect, 



CONTEXT, i n c l u d i n g  P L s  coord ina tes  i n  i t s  name (e.g. ' C 1 4 - 5 ' )  i s  es tab-  

l i s h e d ,  which con ta ins  a t  any moment more o r  l ess  t h e  same i n f o r m a t i o n  

as would be a v a i l a b l e  t o  a  human be ing  f i x a t i n g  t h e  corresponding p o i n t  

i n  a  photograph o f  t h e  scene, i .e, 

@ d e t a i l e d  i n fo rma t ion  about t h e  o b j e c t  ( i f  t h e r e  i s  one) l oca ted  e x a c t l y  

a t  p a i n t  P; as w e l l  as 

@ a  few f a c t s  about t h e  o b j e c t s  l oca ted  near P :  t h e i r  l o c a t i o n  and sa l i ence ,  

p lus  o t h e r  s imp le  p r o p e r t i e s  such as c o l o r ,  s i z e ,  and o b j e c t  type.  

Thus each a b j e c t  i n  t h e  scene has d e t a i l e d  i n f o r m a t i o n  on i t  entered i n  

e x a c t l y  one CONTEXT and l ess  d e t a i  l e d  data  i n  a  number o f  a d j o i n i n g  ones. 

The number o f  these depends on t h e  presumed prominence o f  t he  o b j e c t  w i t h i n  

the  scene, and i s  computed by demons r e s p o n s i b l e  f o r  m a i n t a i n i n g  t h e  c o r r e c t  

. d i s t r i b u t i o n  o f  such i n f o r m a t i o n  among t h e  CONTEXTS, 

An example w i l l  i l l u s t r a t e  t h e  k i n d  o f  search procedure which can take 

advantage o f  t h i s  way o f  s t r u c t u r i n g  t h e  v i s u a l  da ta :  To determine t h e  

r e f e r e n t  o f  the  noun phrase the warnan s t a n d i n g  t o  t h e  l e f t  o f  t h e  t r a f f i c  

l i g h t ,  assuming t h a t  t h e  l o c a t i o n  o f  t h e  t r a f f i c  l i g h t  has a l ready  been 

determined t o  be B ,  t h e  system c m p u t e s  a l i s t  o f  t he  names o f  seve ra l  o f  

t he  COMTEXTs which l i e  i n  the  area t o  t h e  l e f t  o f  P ,  t he  CONTEXT5 be ing  

c l o s e  enough t o  each o t h e r  so t h a t  i t  i s  likely t h a t  any o b j e c t  w i t h i n  

t h i s ' a r e a  w i l l  be mentioned i n  a t  l e a s t  one o f  then, ft then en te rs  these 

CONTEXTS one a t  a  t ime,  w i t h i n  each l ook ing  f o r  an e n t r y  i n d i c a t i n g  t h a t  

a p a r t i c u l a r  o b j e c t  i s  a person,  When i t  f i n d s  one, i t  r e t r i e v e s  t h e  o b j e c t ' s  

l o c a t i o n  and swi tches  t o  t h e  cor respond ing CONTEXT t o  o b t a i n  mare d e t a i l e d  

i n fo rma t ion  on i t  e,g, whether i t  i s  a woman (see below, s e c t i o n  4 f o r  a  

more d e t a i l e d  example). Our reasons f o r  adopt ing  t h i s  s t r u c t u r e  of t h e  

v i s u a l  da ta ,  d e s p i t e  i t s  h i g h  c o s t  i n  terms o f  memory, a re  th ree :  

* i t  p rov ides  a  framework w i t h i n  which hypotheses concerning c e r t a i n  types 

o f  v i s u a l  search i n  humans can be fo rmula ted p r e c i s e l y .  One o f  us i s  p re -  

s e n t l y  comparing such models w i t h  exper imenta l  data.  

a I t  w i l l  perm i t  us t o  e x p l o r e  the  human-engineering hypothes is  t h a t  man- 

machine communication can be improved through t h e  a s s i m i l a t i o n  o f  t h e  

i n t e r n a l  processes o f  t h e  machine t o  those o f  t he  man (see belaw, s e c t i o n  3 1 ,  

I t  pe rm i t s  tasks such a5 t h e  one descr ibed above, which o the rw ise  o f t e n  

i n v o l v e  long I i nea r  searches th rough se ts  o f  o b j e c t s  o r  p o i n t s  i n  space, 

t o  be performed by h i g h l y  s e l e c t i v e  a lgo r i t hms :  t h e  i n d i v i d u a l  CONTEXT5 

a re  smal l  and independent ly  indexed, and o n l y  t h e  r e l e v a n t  one5 a r e  

searched, The r e s u l t i n g  speed i s  v i t a l  f o r  an o n - l i n e  d ia logue  system, 



3 .  NOUN PHRASE AND OBJECT 

'Two major  problems o f  re fe rence  s e w n t  i c s  c o n f r o n t i n g  b u i  l d e r s  o f  understan-  

d i n g  systems a r e  noun-phrase (NP)  r e s o l u t i o n ,  i . e .  t h e  de te rm ina t i on  o f  t h e  

r e f e r e n t  o f  a  d e f i n i t e  NP, and NP genera t ion ,  i , e ,  t he  c o n s t r u c t i o n  o f  NPs 

t o  i d e n t i f y  o b j e c t s  un ique ly .  HM-RPM's NP i n t e r p r e t e r  k~o rks  on the  sha l low 

s t r u c t u r e  o f  t h e  i npu t  sentence, which i s  generated through t h e  replacement 

o f  mu l t i p l e -word  phrases and idioms by canon ica l  expressions 1101, a  d i c t i o -  

nary  look-up and a  s imple  morpho log ica l  a n a l y s i s .  I n  a  way remin iscent  o f  

SHRDLU [151, senant ic/pragmat i c  processes l i k e  NP r e s o l u t i o n  a r e  a c t i v a t e d  

i n  HAM-RPM as soon as p o s s i b l e ;  t h i s  saves a  g r e a t  deal  o f  unnecessary e f f o r t ,  

s i n c e  when e x i s t e n t i a l  p resuppos i t i ons  o r  s e i e c t i o n a l  r e s t r i c t i o n s  f a i l  t h e r e  

i s  no f u r t h e r  pa rs ing ,  bu t  r a t h e r  feed-back t o  t he  conve rsa t i ona l  p a r t n e r ,  

The method we have developed f o r  t h e  i nve rse  process,  NP gene ra t i on ,  i s  

d i s t i n g u i s h e d  frm e a r l i e r  approaches ( f o r  an overv iew see [51) by two as- 

pec ts :  The f i r s t  i s  i t s  use o f  a  "worst-case-f i rs t '  s t r a t e g y ,  Here i s  a  ske tch  

o f  t h e  a l g o r i t h m  as a p p l i e d  t o  an o b j e c t  X :  

I )  I f  X has a  proper  name, t h i s  i s  used, 

2) I f  X has no cohyponyms i , e .  i t  has no s i b l i n g s  i n  t h e  ISA-hierarchy t h e  

i d e n t i f y i n g  NP i s  formed u s i n g  t h e  d e f i n i t e  a r t i c l e  and the  type-node of 

t h e  token-node, 
i 

3 )  I f  cohyponyms o f  X a r e  found, i t  i s  f i r s t  determined whether t h e r e  a re  

any p r o p e r t i e s  o f  X which should no t  be mentioned i n  i t s  d e s c r i p t i o n  

because they have a l ready  been presupposed i n  the  quest ion,e.g.  red i n  

t he  ques t i on  Which car is red?; any such p r o p e r t i e s  a re  excluded from 

f u r t h e r  c o n s i d e r a t i o n ,  The a l g o r i t h m  then checks f o r  t h e  wors t  case, i - e  

t he  e x i s t e n c e  o f  cohyponyms f o r  which e x a c t l y  t h e  same p r o p e r t i e s  a r e  

s t o r e d  i n  the  r e f e r e n t i a l  n e t  as f o r  X .  i f  such an o b j e c t  Y i s  found, t h e  

system t r i e s  t o  d i s t i n g u i s h  t h e  tm i n  terms o f  s p a t i a l  r e l a t i o n s ,  i n  one 

o f  two ways: i f  X and Y a r e  w i t h i n  a  c e r t a i n  rad ius  o f  each o t h e r ,  X i s  

d i s t i n g u i s h e d  u s i n g  an express ion  such as the right hand ... o r  the 

second ,,, f r o m  the left, Otherwise,  t h e  p o s i t i o n  o f  X r e l a t i v e  t o  t h e  

o b j e c t s  i n  i t s  v i c i n i t y  i s  descr ibed.  T h i s  process i s  r e c u r s i v e ,  because 

the  system has t o  i d e n t i f y  t h e  o b j e c t s  wh ich  serve  as s p a t i a l  re ference 

p o i n t s  f o r  X (e  ,g. the red car which is parked behind the tree which i s  

to the left of the large building) . The system must then check whether 

the  next-wors t case obta  ins  as wel l : 

4) I f  the  c h a r a c t e r i z i n g  p r o p e r t i e s  o f  X a r e  a subset o f  those o f  a  cohypo- 



nym Y, X i s  c h a r a c t e r i z e d  i n  terms o f  t h e  p r o p e r t i e s  i t  lacks  (e.g. the 

red, but not old car). 

5) The system then looks a m n g  t h e  p r o p e r t i e s  o f  X f o r  one which d i s t i n g u i s h e s  

i t  f rom i t s  cohyponyms. 

6 )  I f  t h e r e  i s  no such p r o p e r t y ,  a 1  I p r o p e r t i e s  o f  X i n  the  r e f e r e n t i a l  

n e t  a r e  used, w i t h  no f u r t h e r  a t tempt  t o  f i n d  a  minimal  c h a r a c t e r i z i n g  s e t *  

The g e n e r a t o r ' s  second novel  aspect  i s  t he  k i n d  o f  s e l e c t i v i t y  which i s  neces- 

sary  i n  a  w o r l d  w i t h  a  l a r g e  number o f  o b j e c t s ,  where 

u s u a l l y  t h e r e  a r e  many p o s s i b l e  ways o f  un ique l y  i d e n t i f y i n g  an o b j e c t ,  and 

r i t  becmes impor tan t  t o  choose one which makes i t  easy f o r  a human l i s t e n e r  

l o o k i n g  a t  t h e  scene t o  l o c a t e  t h e  o b j e c t ,  

Our gene ra to r  i n  i t s  p resent  form does j u s t i c e  t a  these cons ide ra t i ons  i n  t h e  

s p a t i a t  p a r t s  o f  i t s  d e s c r i p t i o n s ,  s i n c e  t h e  sys tem's  s p a t i a l  search pro-  

cesses a r e  b iased i n  f a v o r o f  o b j e c t s  as re fe rence  p o i n t s  which a r e  v i s u a l l y  

easy t o  f i n d  s t a r t i n g  frm a  g i v e n  p o i n t ,  o r  which have r e c e n t l y  been a t tended 

t o  (see below, s e c t i o n  4)  - By c o n t r a s t ,  t he  d e c i s i o n  as t o  whether t o  ment ion 

s p a t i a t  r e l a t i o n s  o r  o t h e r  p r o p e r t i e s  i n  cases where b o t h  a r e  p o s s i b l e  j e - q -  

the car i n  front of the Big tree vs + the small brown parked car) i s  s t  1 1  

made w i  t hou t  cons i d e r a t  i on  o f  t h e  ease o f  i n t e r p r e t i n g  t h e  r e s u l t i n g  charac- 

t e r i z a t i o n ,  T h i s  i s  because t h e  a l g o r i t h m  has not  y e t  been adapted t o  p ro -  

v i de ,  f o r  t h e  r e t r i e v a l  o f  i n f o r m a t i o n  on t h e  o b j e c t "  son -spa t i a l  p r o p e r t i e s  

f r o n t h e  m u l t i p l e  da ta  base desc r i bed  i n  s e c t i o n  2 above, i n  which t h e  v i s u a l  

a c c e s s i b i i  i t y  o f  a  g i ven  p r o p e r t y  o f  a  p a r t i c u l a r  o b j e c t  i s  r e f l e c t e d  i n  

the  number o f  CONTEXT5 i n  which i t  appears. 

4.  THE SEARCH FOR RELEVANCE 

The s p e c i f i c  c r i t e r i a  used t o  determine an  o b j e c t ' s  re levance depend on t h e  

ques t i on  and t h e  con tex t  i n  which i t  i s  asked, One such s e t  o f  c r i t e r i a ,  

a p p r o p r i a t e  w i t h i n  our  d ia logue  s i t u a t i o n  t o  quest ions  o f  t h e  form mat's 

in front  of the big t ree?,  i s  embodied i n  t he  FUZZY deduce procedure 

NEIGHBOURS, wh ich  we s h a l l  desc r i be  i n  o rde r  t o  i l l u s t r a t e  th -ee general  

p r i n c i p l e s  govern ing  t h e  s e l e c t i o n  o f  r e l e v a n t  o b j e c t s  and the  way i n  which 

t h e i r  implementat ion can be f a c i i i t a t k d  th rough t h e  use o f  c e r t a i n  ckarac-  

t e r i s t i c  mechanisms o f  the  FUZZY language. 

NEIGHBOUWS (see F i g .  2) i s  a  genera tor  i n  t h e  GONNBVER sense i . e ,  when 

i t  i s  c a l  l ed  w i t h  an argument 1 i k e  (IN-FRONT-OF OBJEGTI~ )  i t  r e t u r n s  

e x a c t l y  one neighbour o f  OBJECTt3, b u t  i t  can be r e s t a r t e d  to  produce more* 



1 (PROC NAME : NE l GMBOURS DEMON : TI  MES-DEMON ( ? R E L A T I  ON ?OBJECT1  
2 (GOAL (LOCAT ION ? O B J E C T 1  ? L O C A T /  O N I ) )  
3 (FOR ?CONTEXT I (ADJO I N I NG-CONTEXTS ! R E L A T I O N  ! LOCAT I ON1 ) 
L, (CONTEXT ! CONTEXT) 
5 (FOR FETCH:  (SALI  ENT ?NEIGHBOUR? 
6 (GOAL ( I  RECAT I ON ? NE I GHBOUR !OBJECT1  1 ) 
7 (GOAL (NEAR "NEIGHBOUR ! O B J E C T I ) )  
8 ( Z  + 1 (RECENTLY-MENTI ONED ! R E  IGHBOUR) J 
9 (SUCCEED? ! NE I GHBQUR ZACCUM) 1 1 1 

F i g .  2 

P r i n c i p l e  1 The search f o r  r e l e v a n t  o b j e c t s  should be so designed t h a t  the  

most r e l e v a n t  ones w i B 1  tend t o  be found e a r l y .  T h i s  i s  accomplished i n  

NElGHBOURS i n  t h e  two i t e r a t i o n  loops i n  l i n e s  3 through 9 ,  L ines 3 and 

4 p r o v i d e  f o r  t he  CONTEXTS ' i n  f r o n t  o f  "OBJECT13 t o  be searched s t a r t i n g  

w i t h  the neares t  and moving away ( t h e  bl  SP procedure A D J O I N !  NG-CONTEXTS r e -  

t u r n s  an a p p r o p r i a t e l y  ordered l i s t  o f  C O N T E X T S ) ,  A f u r t h e r ,  more general  

technique f a r  ensur ing  t h a t  t h e  most r e l e v a n t  o b j e c t s  w i l l  be found e a r l y  

i s  a p p l i e d  i n  l i n e  5,  i n  which a  bas i c  f e a t u r e  o f  t he  FUZZY language i s  

e x p l o i t e d :  Each e n t r y  i n  the a s s o c i a t i v e  data  base has assoc ia ted w i t h  i t  

a  " -va lue\  e e g e  ifSALlEMT O B J E C T 1 1  . S ) ,  The system a u t o m a t i c a l l y  keeps 

t h e  e n t r i e s  ordered accord ing t o  z -va lue,  so t h a t  an i t e r a t e d  FETCH generates 

e n t r i e s  i n  monotonic o rde r  o f  z -va lue,  Here, t h i s  means t h a t ,  w i t h i n  each 

CONTEXT, t h e  o b j e c t s  a re  r e t r i e v e d  f o r  exami n a t i o n  i n  decreasing o rde r  o f  

sa l i ence. 

P r i n c i p l e  2 The re levance o f  an o b j e c t  i s  o f t e n  a  f u n c t i o n  o f  severa l  f a c t o r s  

which can be combined n u m e r i c a l l y .  The fou r  f a c t o r s  i n  our  example appear i n  

l i n e s  5 through 8: t he  v i s u a l  s a l i e n c e  o f  t h e  neighbour;  t h e  degree t o  which 

i t  i s  t r u l y  i n  f r o n t  o f  O B J E C T 1 3  ( i , e .  as opposed t o  be ing merely 'more o r  

less  i n  f r o n t  o f '  i t ) ;  and t h e  e x t e n t  t o  which i t  has been mentioned r e c e n t l y , ?  

The FUZZY consequent theorems cat l e d  i n  l i n e s  6 and 7 (by p a t t e r n )  and i n  

l i n e  8 (by name) r e t u r n ,  T ike t h e  FETCH o f  l i n e  5 ,  ba th  a ske le ton  and a 

z -va lue  rep resen t ing  how h i g h  t h e  neighbour r a t e s  accord ing t o  the  c r i t e r i o n  

i n  quest ion ,  These s-values n e e d n s t  be e x p l i c i t l y  manipulated,  as they a r e  

a u t o m a t i c a l l y  m u l t i p l i e d  toge the r  by t h e  "procedure demonQcW1led T I M E S -  

DEMON s p e c i f i e d  i n  l i n e  1 ,  T h e i r  p roduct ,  t h e  va lue  o f  ZAGCUM, which can be 

i n t e r p r e t e d  as the  t o t a l  re levance o f  t h e  neighbour i n  quest ion,  i s  re turned 

i n  l i n e  9 as the  z -va lue assoc ia ted w i t h  i t ,  

"d BW1H re ferences t o  o b j e c t s  d u r i n g  the  d ia logue  a r e  recorded i n  a  separate 
CONTEXT ' r e f e r e n c e s 6 ,  wh ich  i s  a l s o  consu l ted  d u r i n g  pronoun r e s o l u t i o n ,  



The f u n c t i o n  Z i n  l i n e  8 pe rm i t s  t h e  z -va lue  t o  be changed be fo re  i t  i s  

passed t o  t h e  demon; i n  t h i s  case i t  i s  increased by 1 so t h a t  o b j e c t s  n o t  

r e c e n t l y  mentioned w i l l  no t  be judged e n t i r e l y  i r r e l v a n t .  

P r i n c i p l e  3 There must be a r u l e  f o r  de te rm in ing  how exhaus t i ve  t h e  search 

f o r  r e l e v a n t  o b j e c t s  should be and how many o f  them should be mentioned. i n  

ou r  example, t h e  r u l e  has t h e  fo rm ' F i n d  s i x  o b j e c t s  w i t h  a  re levance 

above t h e  t h r e s h o l d  o f  . 2 ,  and ment ion t h e  t h r e e  most r e l e v a n t  o f  t h e s e ' $  

where t h e  numbers 3 ,  6 and - 2  a r e  va lues  o f  parameters which depend on t h e  

course o f  t h e  d ia logue ,  f o r  example the  number o f  t i n e s  t h e  human ques t i one r  

has expressed a  d e s i r e  f o r  a  d e t a i l e d  answer. 

The FUZZY i t e r a t i o n  i n  F i g .  3 causes those o b j e c t s  generated by NEIGHBOUAS 

w i t h  a  s -va lue  above . 2  t o  be s t o r e d  t e m p o r a r i l y  i n  a  sepera te  CONTEXT c a l l e d  

(FOR TRY: (ME l GHBOURS) ( IN-FRONT-OF  OBJECT^^) ZVAL: - 2  
(CONTEXT (QUOTE STM) ) 
(ADD &(VAL)  (ZVAL))  

. . . )  

F i g .  3 

STM; when t h i s  CONTEXT has c o l l e c t e d  s i x  elements, t h r e e  FETGHes w i l l  au to-  

m a t i c a l l y  r e t r i e v e  the  t h r e e  most r e l e v a n t ,  because o f  t h e  o r d e r i n g  i n  

terms o f  z -va lue .  

5 .  CURRENT STATUS OF [MPLEMENTATlON 

A non-compiled v e r s i o n  o f  HAM-RPM, implemented i n  FUZZY, i s  c u r r e n t l y  

runn ing  on t h e  PDP-10 o f  t h e  Fachbereich l n f a r n a t i k  i n  Hamburg under t h e  

TOPS10 o p e r a t i n g  system. i n c o r p o r a t i n g  a l l  o f  t he  fea tu res  desc r i bed  i n  

t h i  s  paper, i t occupies 55k o f  co re  and requ i  res f rom 1 t o  1 5  seconds o f  

CPU t ime t o  genera te  a  response. The program i s  user  engineered,  robus t ,  

and debugged enough so t h a t  i t  can be run  by na i ve  users .  

6 ,  GOALS AND METHODOLOGICAL PRINCIPLES 

HAM-RPM% c h a r a c t e r  as a  system f o r  t he  i n v e s t i g a t i o n  o f  d ia logue  s t r u c t u r e s  

and t h e  assoc ia ted  c o g n i t i v e  processes imp l i es  c e r t a i n  methodo log ica l  p r i n c i -  

p i e s :  

1 -  the  p r i n c i p l e  o f  c o n s i s t e n t  d ia logue  s i m u l a t i o n  

Communication w i t h  t h e  system w i l l  c o n s i s t  e x c l u s i v e l y  o f  u t t e rances  appro- 



priate to a natural dialogue between two human partners, even when it is 

meta-communicative in nature. 

2, the principle of the pragmatic/semantic foundation 

The emphasis will be on the pragmatic/semantic aspects of non-technical 

conversations. By this we mean not so much the superficial linguistic 

features as the type of speech-act sequences which are involved in this 

kind of dialogue. 

3 ,  the principle of ccxnplete implementation 

A complete running version of the system will be maintained at all times, 

so that changes and extensions can be evaluated in relation to the model 

as a whole, 

4, the principle of domain-independence 

The system's domain-independence will be ensured by a clear distinction 

between the basic program and a1 3 representations of the knowledge speci - 
f i c  to a particular type of scene, 

TW goals on which we shall concentrate in the near future are: 

the improvement of the meta-communicative capacity of the system - 
while adhering td the methodological principle of consistent diaIogue 

simulation - with a view to the extension of its repertoire of communi- 
citive strategies, 

@ the development of a systematic representation of time, so that e.g. the 

mvements o f  objects in a sequence of pictures can be described. 
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Abstract 

howledge mzipulat ion tasks a re  computationally intensive : one way 
to  provide sufficien"coompu"cing power is t o  use a loosely coupled net- 
work of microprocessors. For t h i s  approach to  he e f f ic ien t  i t i s  
necessary th3t the overall task be d iv is ib le  into par ts  which can be 
r~uz in para l le l  md  ~vh-ich are ,  t o  a degree, self-contained, I t  is  
a r s e d  that  corltemporary approaches t o  Icnowledge ipulation systems 
f u l f i l  these c r i t e r i a .  The paper describe e design of such a system, 
currently mder  con t lx~c t ion ,  I t  i s  progr in a LISP-like language 
which i n c o ~ ~ r a t e s  parallelism, and allows programs t o  be nuz in remote 
environments. Aspects of t h i s  language, its implementation and the 
underlyhg hardware a re  described, 

Introduction 

(hrt of the l a s t  decade's work on systems for ipulating "'real- 
w r l d "  hobrledge [e.g, language understanding systems) perhaps one o f  
the few mive r sa l ly  accepted resu l t s  t o  emerge has been the observation 
tha t ,  as  a system's miverse  of discourse is  widened, so the m o m t  of 
processing power it requires r i s e s  cod ina to r i a l ly ,  Typically such 
systems a re  m on large,  f a s t ,  dedicated machines and the i r  problem- 
solvjng capabi l i t ies  a re  bomded by the mmnt of processor time 
aaiailable. Now it is  general l y  agreed tha t  already c o n t e w r a r y  
cornputer architecture is approaching the pint of diminishing returns : 
t echologica l  advances seem unlikely to  resu l t  in more than a 
couple of orders of magnitude increase in processing speed, In order 
t o  rea l i se  howledge m i p u l a t i n g  systems we a re  therefore mt iva ted  to  
investigate al ternat ive structures which have the p t e n t i a l  for  provi- 
ding greater m o m t s  of processing power, Obvious cmdidates a t  the 
present; time are  systems consisting of very large nmbers of in te r -  
comected microprocessors. Such systems a re  a t t r ac t ive  (in hardware 
terms) because it is  becomhg possible to  repl icate  jndividual 
processors, memories and ~ t e r f a c h g  components very cheaply. Indeed, 
within the next decade one can foresee systems consisting of upwards of 
lo4 such elements being economically viable,  I t  is  the purpose of t h i s  
paper t o  discuss some aspects of a system of t h i s  nature which has been 
designed and is  presently under ccinstrraction, 

5 %  Overall O r ~ m i s a t i o n  

We s t a r t  then with the s tated aim of im.plementimg a laao~gledge 
la t ion  [henceforth KM) system on a loosely coupled network of smll 
processors. 'The problem donah we are  working within i s  natural langiaage 
understanding, such as is  well exemplified by system for  interrogating 



large,  complex data bases (e.g, Woods e t  aEaf7Z], A t  the outset it is  
apparent thz t  there are  possible anroaches to  t h i s  problem : we 
note i n  passing a very ne (essent ial ly  a production-based 
system using a c o m n  cations area) has been doclrmented in 
the HEAR3Jr TI project (Fernell and Lesser]. 

In  order t o  effect ively u t i l i s e  the p t e n t i a l l y  very large process- 
ing power such an approach offers ,  we need to  sa t i s fy  two cr i te r ia : :  

( i )  A large mount of must be realised. We can 
achieve th i s  by ident i  ra l le l ism a t  both the high 
(or KPI)  level and a t  lower levels ,  So f a r  as  parallelism a t  the I(M 
level i s  concerned, it is k t e r e s t h g  to  note the progressive trend 
towards the view tha t  

?'hi 
e r  e t  

(ii) The re la t ive  munt of data flow behveen processors (vis 2 v i s  
tha t  itrithin them) m s t  be smll, This requirement (we te rn  it 

ar i ses  because o f  the ~ e r e n t  d i f f i cu l ty  i n  contrix7ing 
echmism for  bltercomecting large n~mbers of elements and 

providing high data ra tes  with low propagation times, This res t r ic t ion  
plays a fundmental role in shaping the o ~ ~ e r a l l  system design and it 
has led us towards the system described below, 

We have chosen t o  make 
level abstract  machine, ike 

i n  de ta i l  i n  the following section) has charac- 
t e r i s t i c s  and primitive operations especially nlatched to  the KM 
prob lern dormin. These include : 

* the conventional list-mmipulation primitives for  building complex 
s tmctures ,  
\ 

* a forking statemen"cfor programing e,xplicit pa.rallelism, 

"primitives for  expl ic i t ly  al locat ing processing resources (ei ther  by 
r a t e  or  by quota) t o  f a c i l i t a t e  open-ended breadth-first  searches, - - 
a mechanism for  saving ari enviroaqent, and for r~mmhg a progrm i n  
a specified envircnment in a remote processor, 

By adopting t h i s  approach, we have confined nearly a l l  the data 
accesses by the mderlying hardware processors t o  be local ( i . e ,  fas t)  
ones, that  is ,  they take place between a par t icular  processor and i ts  
local memow. Essentially, r~on-local (i, e. slow) accesses by a 
part icular  processor are only required when, a t  the abstract  machine 
level ,  access is requested to  a remote abstract machine, A s  a pro- 
portion of a l l  the local ( i , e ,  internal) operations involved i n  
enlulaeing the abstract machine i t s e l f ,  such access a re  re la t ive ly  very 
infrequent 

Ne w i l l  now return to  the topic of concurrency, and w i l l  identify 
some of the areas i n  KM where there is mudl scope for  expl ic i t ly  pro- 

ed para1 1 el  i s m .  I t  i s  not appropriate in t h i s  paper to  deal with 
these in any depth; instead we refer  the reader to  Bobrow and Winograd 
'76 ,  and "c H m a  '75 for  extended discussions. ride consider f i r s t  data 
access. mt'i systems are  cfiaracterised by very large data s e t s  edodying 
comglex interrelationships.  In seeking to  establish a part icular  
h w t l ~ e s i s ,  o r  t o  retr ieve a par t icular  Fact, or to d i s d i g u a t e  a 
referent,  e t c ,  a1 mstnrctured s e a ~ c h  through a l l  the data is  nat 



practicable : instead it is  desirable t o  have preferent ial  access t o  
i n f o m t i o n  t h a t i s  m r e  This can be achieved 
by a variety of methods s ecently accessed data 
by using spreading ac t iv  i l l i a n  ' 68 ) ,  e tc .  In 
any of these approaches there is a s h s t a n t i a l  m m t  of work 
inx~olved building up (and l a t e r  deleting) these accessing s tmctures  
and t h i s  work can well proceed in paral le l  with the main task in  hand, 

A t  perhaps a higher level ,  there is  the organisation or of 
howledge i n t  ( th i s  may be ident i f ied with conce n> 
This, althoug desirable a t t r ibu te  of a E;IvI system, is such a 
cornputat ional e task thzt  it is  not presently practicable to  

it. This so r t  of ac t iv i ty  is, however, an ideal process t o  
ing  i n  a backpound mode on a mlt iprocessor  system, ""mopping- 

up" any mder-ut i l ised resources. 

Yet another example of con.currency i s  provided by expl ic i t  user- 
scheduling of resource allocation, Tnis may be used for  focussing 
at tent ion,  by slowing down o r  kil l ing-off l ines  of ilwes.tigation which 
a re  proving unproductive (as for  instance in a breadth.-first search of 
a tree-organised s t ructure) ,  

9 2  Besiml of the Abstract Machine 

11-1 the previous section we saw that  each processor i n  the system was 
used t o  emulate a high-level abstract machine : we now describe the 
design of tha t  machine. The two factors r~hick most governed i ts  
structure were tha t  it should allow as m c h  scope as  possible for  
para l le l  executron of program, arid tha t  it should have as  'kclean" m d  
conrpact a s t ructure as  could be achieved (so as  to  res t ra in  the s i ze  of 
the emulator, ivhich has t o  be implemented on every processor) comen- 
surate  with being able to  work effectively on IW problems. This l a t t e r  
reqirement suggested (as always!) a d i a l e c t c f  LISP as  being an 
appropriate starthing point,  i ts  uniform representation of both progrm 
and data being especially useful.  

The design of the LISP i s  conventjonal i n  ~ n a n y  respects : it 
executes progrmls m-itten in  an &GOL-60 l i k e  procedural s ty l e ,  Unlike 
ALGOL, however, the l m p g e  is  typeless: for  instance, the value bomd 
to  a par t icular  variable can be treated indifferent ly as  e i ther  data or  
progrm. Were, I~owever, it d i f f e r s  sharply from other LISP sys-erns is  
in the way it exploits parallelism. This parallelisni m y  be present 
e i ther   licitly or e x ~ l i c i t l y  i n  a progrm, A s  an e x a q l e  of the 
farmer, consider a function, fo r  emmple (F onve n- 

"conally, a LISP system would f i r s t  evaluate argmnent a ,  then 8 ,  and 
so on- M y  when a11 the arguments had been sequen"cal3.y evaluated, 
taroubd evaluation o F the function then occur, I n  t h i s  system however 
a l l  a rp len"c  aar e n l u a t e d  concurrently, Xow obviously t h i s  gains 
nothing i f  the ewluat ion of e a c h s a r p e n t  takes place ent i rely withiYl 
tha t  par t icular  processor but,  i f  some o r  a l l  of the argwnents a re  
e~ialuated remotely in other processors (as described below), the11 there 
is  a corresponding inc= i n  execution speed, 

Parallelism m y  also be scheduled expl ic i t ly  by the psogr 
using a conventional (FORI< nl T? . . n,) constl-uction, which w i l l  



cause the execution of each of the procedures nl to nn to proceed in 
parallel. Control returns to the succeeding statement only after each 
of the procedures to rn have to coqletion: a primitive 
operator, (ErRAmIGIDE), is however provided to enable premature termi- 
nation of siblings if desired, We note that the ability for parallel 
execution of programs (whether scheduled im_plicitly or e,uplicitly) 
implies that the data enviromnt associated with each abstract machine 
is mdelled by a tree rather t h  just by a simple stack, Thus, at any 
one time we my have, in general, a whole set of simultaneously active 
enviroments. In order to be able to "sax-en these subsequent use 
or to be able to access them remotely, there is a statement by 
means of which a (globally accessible) name rnay be attached to any 
environment. 

We now cone to what is perhaps the central feature of the abstract 
mach~e, the mechanism whereby it can cause progrms to be m remotely, 
that is, in other machines. 'This is effected by the RUN statement 
which has the foblo14rjazg stmrcture: 

(RUN e m  proc arg-list resources control) 

The puqmse of a RUN statement is to cause the procedure specified by 
'proc' to be rren in the remote (previously d) e m ~ i  roment ' env ' , 
having first hztd the value of the expressio pecified in 'arg-listB 
bomd to it, Tne argLnnents of RUN are first evaluated iri the local 
environnent m d  they are then trmsmitted to the remote environment, 
Tke value of 'proc' is then in this remote environment. 
Tkis doubLe evaluation is to freedom in locating the 
actual procedure body where he wishes. For instance, he can specify a 
procedure already defined in " c h e  remote enviro~ment, or a procedure 
defined in the local environment, or a procedrtre may be dynamically 
co~strrrcted and used remotely, Each of these mechmisms is useful in 
particular situations. 

The Last arpent of the RUN statement, "control"', may "cake only the 
x-alues WIT or GOhTXW, If its value is GOWINE then the mchine 
simply "cmsnits the infomtion necessary to establish the new process 
in the remte enviroment and carries straight on with the execution of 
the local process and there will be no further contact with the remote 
process. If alternatively, the value of the last arvent is WIT, 
then that process within the local machine establishes the new process 
in the remote enxriroment and waits m"cil this remote process executes 
a R E  statement, We thus see that RLTN provides very coqactly a wide 
variety of facilities for hteracting with enviromen"c in remote 
machines, for s)mhronising remote processes m d  for esbblishing pro- 

s in m initially empty system. 

In the above section we described the abstract machines as they 
appear to the user : we will now move down a level m d  describe some 
aspects of their implementation. As noted above they are all identical 
md are LISP based, and as such, are conxientional in 
For the first version of this system we have chosen to use an entirely 
interpretive approach, with \rariables and their values being kept on 
association lists, Perhaps the most interesting aspect of the system 
is the very simple tvrd yet pwerhl way in which parallelism is handled. 
'i?-ris approach rnay he contrasted wi th the Spaglletti-stack system (Bobrow 



and Wegbreit ' 7 3 ) ,  and with. Paral le l  Euler (Chirica e t  a l )  . 
Each interpreter  has associated with it an 

in which a re  held activation-records (hereaft 
is  a vector containing a.baut a dozen items, mainly pointers t o  s- 
expressions and to  others The orgmisat ion a d  function of these 
AR's may best  be i%Ius t ra ted  by means of a simple example, Suppose a t  
some point in the execution of a progr-m, the following fmctions needs 
t o  be evaluated: 

(ADD @INUS 12) (HD (P X ) )  (RW a WIT] ] 

When t h i s  fmct ion  is  encountered a t  rwn-time, the f i r s t  operation to  
occur i s  the allocation of an AR with the following f ie lds  (mongst 
others) f i l l e d :  

i. R e  name of the function, ,ADD, ( in  t h i s  case a priinitive operation), 

iia A ini t l .a l ly  s e t  to  zero, 

iii, A painter to  the enviroment (an association-list)  i n  which t h i s  
fruzction i s  t o  be eval-uated, 

i v ,  A pointer indicating where the resrrlt of the ADD operation should 
eventually be re turned to ,  

v. A p i n t e r  to  the parent AR, This AR. represents a process which is 
held up pend-ing t h i s  s m  resul t ,  

Next, the body of the ADD function, is entered (ADD being a p r h i t i l i e  
fmct ion ,  t h i s  body is a machine-code progrm). The f i r s t  task of th i s  
is t o  cause the arguments (of which, for  the ADD function, there may be 
a-n indefini te  nuder )  to  be evaluated, In  order to  do t h i s  a s e t  of 
ARPs i s  created, one for  each ar,ment. These a re  each in i t i a l i s ed  i n  
a t s imi l a r  way t o  tha t  described above. In addition, the semphore of 
ADD is se t  t o  3. This semaphore w i l l  be decremented each time om of 'l~e 
processes associated with the three new AR's has m to c o q l e t i o n ,  
The scheduler, [tjhich is r e s p n s i b l e  for  causing -the processes associ- 
ated with AR's t o  , orlly processes Ali's whose semaphore f i e l d  is 
zero, The net resu l t  of t h i s  i s  t o  cause a l l  the argcunents of a 
function t o  be scheduled for  para l le l  evaluation, and then t o  suspend 
a l l  f u r t b r  operations by tha t  function un t i l  the resu l t s  of evaluating 
a l l  i t s  argjments are  available,  We note tbt, i.n some cases, as  i n  
the above example, an AR m y  be a~vaiting the completion of e e c u t i o n  of 
a p r o s m  i n  a remote en~rirorment o r  processor, 

ry then, we have not the conventional pushdam stack of sub- 
routine I m a g e s ,  but a t ree  of PSlis. A t  m y  point i n  the canlputation, 
the processors represented by the teminal  ARf s of the t r ee  are  a l l  
concurrently active (control passing from one t o  mother,  i n  indeter- 
minate order, as each propagates further AR's) m d  those processes 
represented by snon-"terminals are  suspended, Some b-cmches of the t r ee  
s p i l l  over from one processor t o  mother ,  

A s p c i a l i s e d  multi-microprocessojl nehiork on which t h j s  system is  
being inrplemented is currently nearing completion. I t  consists of a 
loosely-coupled se t  of Piotorola M68W 8-bit  microprocessors under 
oarerala control of a PUP-ll/fJWI>i system, Each microprocessor has 24k 
bytes of memory, of which about one th i rd  is taken rrp by the multi- 
process LISP in te lpre ter  m d  I ow-leirel in te rcom~micat  i on procedures, 



aJld the remainder is available for  holding LISP c e l l s  and AR%* The 
system is described h l l y  in Coghill '78, 

54 Conclusion 

In t h i s  paper we have argued that typical KM processisrg tasks can be 
so s tmctured tha t  they may be ef f ic ient ly  iqlemented on a large 
loosely-coupled nemork of high-level, microprocessor-based machkes, 
and the design of such a system has been outlined, Work is current1 
in progress t o  gather t i t a t i v e  data t o  support the va l ld l ty  of Xis 
approach. A represent e e x q l e  of a KM system, a d ig i t a l  logic 
design aid with a natural-lmgclage user interface, i s  being progr 
t o  m on the &ti-processor s y s t m  md p r e l i h a r y  resul t s  w i l l  be 
r e p r t e d  shortly,  
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SYNTHESIS IN PREDICATE LOGIC 

C, J, Hogger 
Imperial College, London S-W-7, England. 

Abstract 

Research in automatic theorem proving has led to an interpreta- 
-tion of predicate logic as a high-level procedural programming 
language, Logic 'programs8 can be executed by interpreters based on 
the resolution principle. Logic offers a single formalism in which 
programs can be specified, derived and finally expressed using the 
same tool (theorem proving) as is used for executing ;them, This 
paper describes the derivation of logic prograis from specifications 
written in standard logic, 

Introduction 

In its application to computer progr ing, predicate logic has 
been traditionally viewed as a specification language suitable for 
defining the relations computed by conventional programs, However, 
Kowalski (1974) has shown that logic can also be treated as a source 
programing language by giving a procedural interpretation to senten- 
-ces in clausal form, Logic zrograms consisting of such sentences 
can be executed with reasonable efficiency by interpreters based on 
Robinson" ((19653 resolution principle; the first practical logic 
interpreter ( 'Prolog' 1 was developed by Colmerauer and others (1972) . 
Qecent developments in logic programming methodology and the implem- 
-entation af a new interpreter at Imperial College are described in a 
report by Clark and Kowalski (1977)- 

A logic program describes relations but not the way they are 
investigated during execution, The resolution principle and a logic 
program deternine a search space of resolution derivations (computat- 
-ions) whose run-time exploration is governed by the interpreter's 
search strategy. In Kowalski's (1976) representation of an algorithm 
a logic program and a search strategy respectively determine the logic 
and control components of the algorithm, The logic component is 
problem-dependent and defines the algorithx's meaning in terms of the 
relations it computes, The control component is problem-independent 
and determines the algorithm's efficiency but not its meaning. A 
logic component can be viewed as a program in that it constitutes a 
complete and executable representation of .the problem to be solved, 

This formalism offers, in principle, alternative choices of 
Zoyic and control ti, comprise a desired algorithm; these choices 
represent alternative p r o g r m i n  styles, However, the limited 
strategies of existing interpreters generally require somewhat 
sophisticated logic in order to secure acceptable behaviour, As a 
result, non-trivial programs may not be self-evidently correct and sa 
require reliable techniques for their verification. Techniques for 
verifying logic programs have been formulated by Clark and Tarnlund 
(1977) using first order deduction with induction principles 



c h a r a c t e r i z i n g  t h e  program" d a t a  s t r u c t u r e s ,  Independent s t u d i e s  by 
Rogger (1977)  and by Clark  and S i c k e l  (1977) have s i n c e  shown t h a t  
l o g i c  prograrns can be de r ived  from s p e c i f i c a t i o n s  w r i t t e n  i n  s tandard  
l o g i c ;  such d e r i v a t i o n s  may be pursued e i t h e r  a s  syntheses  o r  a s  v e r i -  
- f i c a t i o n s  according t o  t h e i r  mot iva t ion .  Clark  and S i c k e l  adapt  t h e  
i n f e r ences  developed by B u r s t a l l  and Dar l ing ton  (1977) f o r  t r a n s f o m -  
- ing r ecu r s ion  equa t ions ,  but t he se  a r e  n o t  -the predominant f e a t u r e s  
of  n o n - t r i v i a l  d e r i v a t i o n s ;  t h e r e  t h e  ch ie f  d i f f i c u l t i e s  a r i s e  i n  t he  
manipula t ions  of  a r b i t r a r y  sen tences  of  s t anda rd  l o g i c  i n  o r d e r  t o  
admit occas iona l  s ~ k s t i t u t i o n s  analogous t o  Dar l i ng t an ' s  ' f o l d '  and 
' u n f o l d '  r u l e s ,  The p r e s e n t  paper  i l l u s t r a t e s  some in fe rences  which 
impose a l i t t l e  un i formi ty  upon these  i n t e m e d i a t e  manipula t ions ,  

Logic Programs 

A l o g i c  program i s  a  s e t  of Horn c l a u s e s  of which one c l ause  i s  
a  goa l  and t h e  remainder a r e  procedures .  Execution a t tempts  t o  show 
t h a t  t h e  procedures  imply t h e  e x i s t e n c e  of s o l u t i o n s  t o  t h e  goa l ;  t h e  
completeness of  r e s o l u t i o n  determines t h a t  i f  s o l u t i o n s  e x i s t  then 
they must be computable by a  r e s o l u t i o n  i n t e r p r e t e r .  For example, 
;the g o a l  of t he  program below i s  t o  show t h a t  a minimum member u  
e x i s t s  i n  t he  term 1:2:4:3:g :- 

g o a l  : +min(u, l :2:4:3:@9 

procedures:  min (u ,u :@)f  
rnin(u,v:w:x) -+ vcw, min(u,v:x)  
min(u,w:v:x> + v<w, min(u,v:x)  . 

A , r e s o l u t i o n  i n t e r p r e t e r  computes t h e  s o l u t i o n  u  := 1 t o  prove t h a t  
t he se  procedures  imply (3u )min (u , l : 2 :4 :3 :@j .  I n  t h i s  n o t a t i o n  t he  
symbol f means ' i f ' ,  a comma means ' a n d h a n d  a l l  v a r i a l e s  i n  t he  
procedures  a r e  i m p l i c i t l y  u n i v e r s a l l y  q u a n t i f i e d .  

Logic S p e c i f i c a t i o n s  

Clausa l  form l o g i c  i s  g e n e r a l l y  u n s u i t a b l e  f o r  express ing  
conc ise  and complete d e f i n i t i o n s  of  r e l a t i o n s  and i s  t h e r e f o r e  n o t  a  
s a t i s f a c t o r y  s p e c i f i c a t i o n  language, However, r e l a t i o n s  can normally 
be def ined  q u i t e  l u c i d l y  us ing  sen tences  of s tandard  l o g i c ,  A l o g i c  
s p e c i f i c a t i o n  f o r  a r e l a t i o n  R i s  a  s e t  of  such sen tences  which 
d e f i n e s  R and i s  intended t o  be s e l f - e v i d e n t l y  c o r r e c t .  I n  gene ra l  
t he se  sen tences  take t h e  form R ++ Dl, ..., Dn where t h e  conjunc ts  
i n  t h e  d e f i n i e n s  of R a r e  a r b i t r a r y  formulas ,  For example, t he  
fo l lowing  sen tences  d e f i n e  t h e  min r e l a t i o n  computed by +&e program 
&ove :- 

rnin(u,x) -+-+ m(u,x)  , (VV)  (ugv -i- m(v,x)  1 
m(u,@9 -c-t f a l s e  
m(u,w:z) +-+ Li=w v n ( u I z )  

Logic Program Syn thes i s  

The o b j e c t i v e  of a  s y n t h e s i s  f o r  a r e l a t i o n  R i s  a s e t  of Horn 
c l ause  procedures  s u f f i c i e n t  t o  so lve  a goa l  +R, The i n i t i a l  
resources  c o n s i s t  c f  a s e t  S of sen tences  comprising a s p e c i f i c a t i o n  



f o r  R ,  and another  s e t  K (poss ib ly  empty) of sen tences  provid ing  
a d d i t i o n a l  knowledge about  t he  problem domain, A p a r t i c u l a r  synth- 
- e s i s  c o n s i s t s  of one o r  more d e r i v a t i o n s ,  each of  which d e r i v e s  a  
procedure P f o r  R s a t i s f y i n g  S,K P ,  A t  p r e s e n t  it i s  expected 
t h a t  bo th  t h e  choice of K and the ensuing d e r i v a t i o n s  must be governed 
by the  programmer's i n t e l l i g e n c e ,  However, .the p rospec t s  f o r  p a r t i a l  
mechanization of  the  d e r i v a t i o n s  ( b u t  n o t  the  choice of K)  a r e  q u i t e  
good and may be envisaged i n  a  con tex t  s i m i l a r  t o  t h a t  provided by 
Darl ington" i n t e r a c t i v e  implementation, b u t  s u i t a b l y  extended t o  d e a l  
wi th  our  u n t i d i e r  syntax and in fe rence  r u l e s ,  Nevertheless  we 
advocate t h e  p l a u s i b i l i t y  of l o g i ~  a s  a  language i n  which progr  
can s p e c i f y ,  d e r i v e  and express  computer programs c o r r e c t l y  even with- 
-out  automated a i d s ,  

Each l o g i c  procedure d e r i v a t i o n  presented  here  i s  organised a s  a  
sequence ( P I ,  ..., Pr) of procedure- l ike sen tences ,  where P I  and ?, 
t ake  the  form :- 

P1 i s  t r i v i a l l y  implied by t h e  d e f i n i t i o n  R +-+ D l ,  ,,,, an assumed i n  
S and s o  the  d e r i v a t i o n  c e r t a i n l y  begins c o r r e c t l y ;  Pr i s  a  de r ive3  
Worn c l ause  contr ibutFng t o  t he  eventua l  program, Sentences between 
PI and ?, ( i f  any) a r e  in te rmedia te  ( i n  syntax)  between s tandard  Logic 
and Horn c l a u s e s ,  and ( i n  purpose) between d e c l a r a t i v e  s p e c i f i c a t i o n s  
and executable  procedures ,  

Each der ived  sen tence  Pi i s  obta ined  from Pi-l by e i t h e r  of two 
d i s t i n c t  k inds  of i n fe rence .  The f i r s t  kind ( s i m p l i f i c a t i o n )  
s i m p l i f i e s  one o r  more conjuncts  i n  Pi-: by, f o r  i n s t a n c e ,  d i s t r i b u t -  
- ing  connect ives  o r  q u a n t i f i e r s ,  o r  by d e l e t i n g  t r i v i a l l y  s a t i s f i a b l e  
cbnjuncts .  Such in fe rences  determine Pi-l /-- Pi independent ly of S 

arid K ,  The second kind ( s u b s t i t u t i o n )  combines Pi-1 with some 
sentence  implied by S , K  such t h a t  S,K,Pi-l ? Suppose t h a t  P i  
ha s  t h e  fa-m R -+ D, t h a t  F i s  any subformula of D and t h a t  a  sen tence  
(F * F ' )  is implied by S , K .  Le t  D '  be t he  r e s u l t  of s u b s t i t u t i n g  F '  
f o r  F i n  D. Then Pi i s  j u s t  R -+ D'. S l i g h t l y  more e l a b o r a t e l y ,  
suppose t h a t  a  sentence (F  ++ F') + F" i s  implied by S,K and l e t  D '  
be t he  r e s u l t  of s u b s t i t u t i n g  F' f o r  F i n  D, Then Pi i s  j u s t  
R +.- Ds,F". These s u b s t i t u t i o n s  a r e  independent of t h e  context  of F  
i n  D ,  There a r e  some u s e f u l  v a r i a n t s  of t hese  cases  which d e a l  wi th  
s u b s t i t u t i o n s  of  F '  f o r  F i n  D by e x p l o i t i n g  weaker sen tences  l i k e  
(F + F') and (F '  + F) implied by S,K ; t h e i r  a p p l i c a b i l i t y  i s  usua l ly  
dependent upon the con tex t  of F i n  D ,  We have n o t  attempted t o  
organise  t h e s e  in fe rences  i n t o  a complete deduct ion system, b u t  j u s t  
emphasize them a s  the  dominant f e a t u r e s  of our  d e r i v a t i o n s ,  

Assuming t h a t  S and K a r e  mutually c o n s i s t e n t  and t h a t  t h e  
in fe rences  a r e  sound, t he  der ived  procedure ?, i s  a t r u e  s ta tement  
about  R a s  def ined  by S, and c a n ~ t h e r e f o r e  only compute c o r r e c t  
members of  R, To confirm formally -that a  s e t  of procedures  i s  s u f f -  
- i c i e n t  f o r  a goa l  +8 r e q u i r e s  t he  kind of case  a n a l y s i s  used by Clark 
and Tarnlund i n  t h e i r  t e rmina t ion  p roo f s ,  though n o t  n e c e s s a r i l y  
r e t r o s p e c t i v e l y ;  i t  could be exp lo i t ed  i n s t e a d  dur ing  t h e  exp lo ra t ion  
of t he  d e r i v a t i o n  t r e e  t o  i d e n t i f y  j u s t  those  branches comprising a  
complete s y n t h e s i s  f o r  R, 



In the following examples it is assumed that the derived 
programs are intended for the simplest kind of Proloy-like interpreter 
which activates calls sequentially and selects clauses in order of 
presentation, The symbol 1 preceding a sentence means that the 
sentence is logically implied by S , K  together with implicit axioms 
for primitives like =, 

Example 2 r ~ e a r c h i n g  a l i s t  for d u p l i c a t e s  

The required program tests whether a list L with length N 3 0 
contains duplicates, in which event it satisfies a predicate duplic(x1 
whose specification S is t -  

where item (u, i ,xi means that u is the ith member of x. A naive way 
c:lf solving +dupLic (L)  uses the procedure trivially implied by S :- 

Assume that calls to item select instances of i and j in the natural 
order 1,2,,,,,N , The first solution, if any, found by this algor- 
-ithrn (All gives the smallest distinct positions i := m and j := n at 
which some u occurs identically, A1 compares n+N(m-1) pairs of 
members to find this solution, of which $ (m) (m- 1) are executed twice 
and a further m are just self-comparisons, 

Avoidance of unnecessary comparisons requires knowledge of how 
duplicates may be distributed amongst the list's components ; so admit 
to K some basic facts about the structure of lists :- 

' ( 2 ~ )  (length (y ,w) ) (every irst y has a length w) 
length (y,w) + (Vi) (I,<idw +> (31.11 item (u,i, y) ) 

append*(z,x' ,XI +-+ (Vui) (item(u,i,x) i-" (u=z,i=l) v item(u,i-1 ,x') ) 

where append* (z,xF ,XI appends x' to the unit list f z )  to give x, 
Then K implies a sentence (F"t--t~'j-+F" , namely :- 

This admits substitutions of F s  for F in the duplic(x1 procedure above 
in which F is identified with one of the item predicates :- 

\ duplic(x) + ( (i~=z,i=l.) v item(u,i-1 ,xE) 1 ,  
( (u=z, j-1) v item(u,j-1 ,xp) 1 , iSj, append* ( z , x r  ,x), 

We now pursue two branches from tihis point, The first assumes 
the case where the first member z of x has duplicate occurrences; 
instantiate with u :== z and i := 1 and simplify to give :- 

1 dupiic (xj + ( ( j-I v item(~, j-I ,xa I I , Ifj , append* (~EX' ~ X I  

Naw substitute for the subfonnulQ j=l using another sentence 
( W F '  )-+Fg' , namely ( j = l  --> fa1sej-t-jf 1 , and simplify the result :- 

But t h e  first two sentences of R (and properties of 4 and f )  trivially 
imply a sentence iF +- F B ) ,  namely (I+j + item(z,j-1,~')) ; substitut- 
-inq for the subformula I f j  and merging the identical calls to item 



then gives the first derived procedure for a new algorithm A 2  :- 

duplic(x1 + append* (z,x\,x), item(zFJtxr) 

Backtracking to the branch point above, the second branch solves 
eaoh conjunct (A v B) by solving just £3 ; this deals with the case 
where the first member z has no duplicate occurrences in x :- 

1 duplic(x) + item(u,i-I,xf) , item(~, j-I ,xf), i f ~ ,  append*(z,xErxI 
1 duplic(x) + (3ui7.9 )item(u,i',x7) ,item(u,j\,xV ),i'#j" , 

append* ( z , x  \ X I  . 
Denoting the first conjunct by F, S trivially implies the sentence 
(F -tt duplic (x' 1 1 , so that substitution for F gives the second derived 
procedure for algorithm A2 :- 

b duplic (XI -+ append* ( z  ,x a ,x) , duplic (x' ) , 

If the goal and the two new procedures are executed using the 
same control as Al, the resulting algorithm A2 compares only 
n+N (m-11-5 (rn) (m-1) -m pairs of members, Each selected member u is 
compared by A 2  with its successors only, whereas A l  also compares u 
with its predecessors and itself. 

A more interesting algorithm (A3) is that which compares each 
selected member u with its predecessors only; to derive this we 
specify a new relation duplic* by admitting to K the sentence :- 

duplic* (~,XI ++ duplic (x) v (3ui-j) (item(u,i,y) ,item(~# j # X I  ) 

The predicate doplic* (y , X I  holds when the structure (y ,XI contains 
duplicates but y does not, Now observe that K implies a sentence 
(7-F ?+F'Wby suitably instantiating the definition of length (y ,w) :- 

1 (false -bt (3u)item(u,iry)) + length(y,O) 

which aaaits a silbstitution into the definiens of duplic* to give :- 

1 (duplic*(y,x) ++ duplic!x) v false) + length(y,Oj 
duplic + length (y ,Oj , duplic* ( y , ~ )  , 

This is the first procedure for A3, Now exploit the append* definit- 
-ion as before to derive two procedures solving calls to duplic*, 
One of these deals with the case where the first member of x also 
occurs in y, and its derivation should be obvious :- 

1 duplic*(y,x) - itern(u,i,y), item(u,j,x) 
duplic* (y,x) +- item(u,i,y), ( (u=z,j=l) v itern(u, j-1,~') j , 

append*(z,xi,x) 
/- duplic*(y,x) + append*(z,x\,x), item(z,i,y), 

The other procedure for duplic* deals with the case where the first 
meher z of x does not occur in y yet has duplicate occurrences in 
the structure (y"',xBj which results from transferring z from x to y e  
The derivation is straightforward (if cumbersome) and gives :- 

duplic* (~,XI + append*(~,~' ,x) , append* (z,y,yU") ddulic* (Y"  ,xp)- 

The last three derived procedures and Prolog-like control give 
algorithm A3 which compares (a-m) i-$2 (n-1) (n-2) pairs and is therefore 



independent of N, A list y (initially empty) records those members 
selected from x which are known to be distinct, Each call to duplic* 
selects a new member z from x and compares it with its distinct 
predecessors in y; a successful match salves the goal, but otherwise z 
is transferred from x to y and the search of x continues, In terms 
of comparison counts A3 is better than A2 ~f and only if we have 
(n-m) (n-rn-1) < 2 (N-tl-n) (m-1) , 

We can easily implement the calls to item, length and append* 
upon concrete representations of the lists. For example, choosing 
the conventional constructors . and nil, admit to K the definitions :- 

item (u,i,nil) +> false 
item(u,i+l,z.xn) tt (u=z,i=O) v item(u,i,xV ). 

Trivial substitutions in the definiens' of length and append* give :- 

1 length(nil,O)+ and 1 append*(~,~\~,~')+ 
Substituting these into the duplic and duplic* procedures of A3, for 
example, results in a set of macroprocessed procedures :- 

duplic (x) + duplic* (nil ,x) 
duplic* (y,z.x') + itern(z,i,y) 

1 duplic*(y,z,xf) 6 duplic*(z,y,x6) 
itern(z,l,z.xV+ 

1 item(uri+lpz.~')+ item(u,i,xS) 

sufficient to solve a goal like +duplic(a,b.c,d,c.e.nil), 

Example 2 : A selection-sort program 

The desired program sorts a set x into an ordered list y by 
s&lecting the least member z from x to leave x' , sorting x i  into y' 
and appending y' to the unit list (z) to give y, A sufficient 
specification of the sort relation is as follows :- 

where m(u,x) means that u belongs to the set x, m* (u,y) means that u 
belongs to the list y and once(u,y) means that u occurs exactly once 
in list y. K just describes the construction of sets and Lists and 
the meaning of selection :- 

empty(~) c-> (Vu) (m(u,x) .t--. false) 
nil(y) +-+ (Vuw) (item(u,w,y) 4+ false1 

union* (z,xq fx) t-t (Vu) (rn(u,x) ++ u=z y m(u,xg) ) 

append*(z,y\,y) +-+ (Vuw) (item(u,w,y) ~ 1 ,  (u=z,w=~) v item(~,w-1,~')) 
select(z,x9 ,x) s-t union*(z,x' ,x) , (Vu) (z<u -+ m(u,xi)) 

where union*(z,x',xj means that x is the set union of x' with { z }  and 
select(z,xs,x) means that x' results by deleting the least member z 
from x, Append*(z,yg,y) has the same meaning as is given in 
Example 1 and the meanings of the other predicates should be self- 
-evident , 



The presentation is simplified by deriving procedures for 
perm (x,y) and ord (y) separately and then conjoining them to give 
procedures for sort(x,y), Dealing with perm(x,y) first, we relate 
m(u,x) to m(u,xV ), m*(u,y) to rn*(u,yrj and ance(u,y) to once(uryE) 
in the reasonable expectation that perm(x,y) is solvable by 
manipulating the components u, x i  and y' from which x and y are 
constructed. Firstly observe that K trivially implies :- 

Secondly, substitute for item(u,w,y) in the definiens of m*(u,y) 
conditional upon append*(z,y8,y) :- 

m* (u,y) ct ( 2 ~ )  item (u,w,yJ 
(m*(u,y) c~ (3w) ((u=z,w=l) v item(u,w-l,yV)) c append*(z,y8,y) 
(m* (u,y) ++ u=z v (3w)item(u,w-l,yE) )) 4 append* (z,y9 ,y) 

1 (rn*(u,y) ++ u=z y m*(u,y9)) + append*(z,y',y). 

Third]-y, substitute similarly for the item predicates in the definiens 
of once(u,y) conditional upon (append*(z,y',y), w*(z,yV) and 
simplify the result to give :- 

(orice(u,y) <-+ u=z once(u,yr)) c append* (~,Y\Y), m* (z,~" - 
Each of these three derived sentences has the form ( F ~ F 8 ) ~ F " a n d  
admits an obvious substitution for some atom in the definiens of 
perm (x,y) , They may be regarded as lemmas derived from K using the 
same basic rdeas of alternate substitution and simplification, The 
perm(x,y) procedure is then derived as follows :- 

f pem(x,y) c .(Vuj (u=z v m(u,xr) c-, u=z v m*(u,y") , 
(IJII) (u=z v m (u ,x ' ) s-h u=z v once (u, y ' ) ) , 
union* (z,x' ,x) , append* (z,yl ,y) , %m* (2,~' ) 

A derivation for ord(y) begins with substitutions for both item 
predicates in its definiens conditional upon append*(z,y5,y), Note 
that in this - and in the above perm derivation - we are just 
investigating the effect upon the definiens implied by the assumption 
that the data structures are constructible as described by K, The 
procedure for ord(y) is a Little tedious but quite straightforward :- 

(after some distributions and cancellations) 

(because if z is less than ever$ member of y P  then it is certainly 
less tharl any item with index I in y i  ) 

1 ord(y) -+ ord(y') , (VV) (Z<V + ~ ( v , x '  1 )  , append" (~,Y\Y) t pelrm(~' ,y') 

:using (m ( v , x g )  ++ m* (v,y @ j ) t perm (x' ,y' 1 trivially implied by S) 

1 ord ( y )  -i- ordiy' , select (z~x' ,x)_, append"(~,y' ,y), pem(x'gyP) 



Cbnjoining the de r ived  perm z ~ t d  o r 2  procedurt-is and d e l e t i n g  t h e  
c a l l  u n i o n * ( z , x ' , x )  ( s i n c e  it i s  icsplied by t.he c a l l  s e i e c t ( z , x ' , x ) )  
q ives  t h e  d e s i r c d  r e c r ~ r s i  ve scrt p~ocedi. ire : .- 

1 s o r t ( ~ , ~ )  -+ s e l e c t ! ~ , ~ '  ,XI , s 0 r t ( x 5  ,Y') r append" (z , y  \y) , ~ m "  ( z r ~ '  ) - 
But I-t i s  easy  t o  show t h a t  S imp l i e s  :- 

s o  t h a t  t h e  c a l l  o m *  ( z I y V )  i n  t h e  s o r t  procedure may be d e l e t e d  t o  g ive  
t h e  f i n a l  v e r s i o n  :- 

This  procedure d e a l s  wi th  t h e  case  where y i s  c o n s t r u c t i b l e  by 
a p p e n d * i z , y r , y ) .  The a l t e r n a t i v e  case  where y i s  t h e  empty l i s t  i s  
d e a l t  wi th  by t h e  t r i v i a l l y  d e r i v a b l e  b a s i s  procedure f o r  s o r t ( x , y )  :- 

/- sort ( x , ~ )  + empty ( x )  , n i l  (e- 

The c a l l s  t o  append*, empty and n i l  can be macroprocessed o u t  by 
choosing terms a s  d a t a  s t r u c t u r e s  a s  i n  Example 1 ,  A l t e r n a t i v e l y ,  i f  
more e l a h o r a t e  d a t a  s t r u c t u r e  r e p r e s e n t a t ~ o n s  a r e  r e q u i r e d ,  t h e  
sen tences  of  K i nc lude  s u f f i c i e n t  s p e c i f i c a t i o n s  of  append*, empty and 
n i l  t o  d e r i v e  app rop r i a t e  procedures  f o r  them, Taking the  s i m p l e s t  
o p t l o n ,  choose . and n i l  t o  c o n s t r u c t  l i s t s  and choose : and @ t o  
c o n s t r u c t  s e t s ,  Then t h e  macroprocessed s o r t  procedures  a r e  j u s t  :- 

\ S and K a l s o  provide enough informat ion  t o  d e r i v e  s e n s i b l e  
procedures  so lv ing  t h e  c a l l  t o  s e l e c t ( z , x \ , x )  when supplemented by an 
a s s e r t i o n  t h a t  < i s  t r a n s i t i v e ,  Again, s u b s t i t u t i o n s  and s i m p l i f i c -  
- a t i o n s  of  t h e  kind i l l u s t r a t e d  he re  a r e  s u f f i c i e n t  t o  d e r i v e  ( q u i t e  
e a s i l y )  :- 

C s e l e c t  ( z r@,z :93 j+ -  
/- s e l e c t  (z Iv :x \u :v :xI r )  -+ u<v, s e l e c t  ( z , x g  , u : x n )  

s e l e c t ( z , v : x i  ,v:u:x") + u<v, s e l e c t ( z , x V  I u : ~ ' ' l  

Together t h e s e  s o r t  and s e l e c t  procedures  behave reasonably we l l  
with an i n t e r p r e t e r  l i k e  Pro log .  Given a goa l  +sort i3:2:5:1:4:@,yj ,  
computation t e rmina t e s  successfuLly wi th  t h e  o u t p u t  b ind ing  
y  := 1 . 2 , 3 , 4 , 5 , n i l  a s  r e q u i r e d ,  Moreover, g iven  a  goa l  l i k e  
+sort(3:2:5:2:4:@,y) ,  computation te rmina tes  unsucces s fu l ly  a s  

r e q u i r e d ,  s i n c e  t h e  i n p u t  argument i s  n o t  a  r s p r e s e n t a t i o n  of a  s e t  
(due t o  t h e  d u p l i c a t e  occur rences  02 '2" ); coinputation f a i l s  because 
it cannot  s o l v e  t he  even tua l  c a l l  2(2, The d e s i r e d  proper . ty  of  t h e  
s o r t  program - t h a t  it permutes a s e t  i n t o  a  l i s t  y having only  
d i s t i n . c t  occur rences  - i s  t h e r e f o r e  s a t i s f i e d ,  

Conclusion 

Logic program d e r i v a t i o n s  g a i n  some uni formi ty  from t h e  i n f e r ence  
r u l e s  i l l u s t r a t e d  here, S u b s t i t u i i o n  of  a r b i t r a r y  subformulas 



i nc ludes  Dar l ing ton ' s  "o ld ' ,  ' unfo ld \nd  ' l aw-appl ica t ion '  
i n f e rences  a s  s p e c i a l  c a s e s ,  b u t  a d d i t i o n a l l y  al lows much more 
gene ra l  rearrangements of the knowledge expressed i n  S and K a s  we l l  
a s  f a c i l i t a t i n g  i t s  a s s i m i l a t i o n  i n t o  the mainstream d e r i v a t i o n  of 
procedure- l ike s ta tements .  

I n  t h e  examples presented  he re  t h e  f i n a l  form of  t h e  der ived  
procedures  was known i n  advance, so  t h a t  t h e  d e r i v a t i o n s  were r e a l l y  
p roo f s  of  co r r ec tnes s  which checked t h a t  t h e  procedures  computed the  
same r e l a t i o n s  a s ' d e s c r i b e d  by t h e  sen tences  of S and K .  The t a s k  of 
s y n t h e s i s  i s  obviously much harder  because of t he  need t o  d i sc r imina te  
between a l t e r n a t i v e  branches i n  t h e  d e r i v a t i o n  t r e e  i n  o rde r  t o  o b t a i n  
a useable  a lgor i thm,  Semi-automatic s y n t h e s i s ,  i n  which the  

e r  i s  presented  wi th  a l i m i t e d  view of  the  d e r i v a t i o n  t r e e  
by an i n t e r a c t i v e  program s i m i l a r  t o  Dar l ing ton ' s ,  appears  t o  be 
f e a s i b l e  d e s p i t e  t he  g r e a t e r  s y n t a c t i c a l  d i f f i c u l t i e s  o f f e r e d  by 
s tandard  l o g i c ,  b u t  this remains a ma t t e r  f o r  f u t u r e  r e sea rch ,  
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7-0 usp vision is an Immediate experience, not subject to careful introspection. We 

cannot write down protocols of processing steps that lie between the raw image 

intensities and our" vivid impression of the surrounding scenery. Furthermore, we find 

ourselves ira possession af this faculty Iong before we learn to master the more 

siquentiaf processing tasks involved in the use af language, far example. Cansequently, 
the difficulties af the vision process are often not appreciated. This is as true today, 

when many inroads have been made on the problem of understanding this process,- as it 

was earlier- when it was thought that vision could be u n d e r s t 4  simply in terms of 

some genera! ideas of artificial intelligence. 

T h i s  difficulty i s  further compounded by the fragmentation of efforts resulting 

from widely varying motivations which bring researchers to this prablem. These range 
From an ia~tense desire to understand naturally murring vision systems to an Interest in 

industrial xpplicaeian of machine vision. Somewhere in between we find those 

pursuing the information inherent in an image without regard to the implementatian 

deraits of particular vision systems. It  is not too surprisirag then thgt one finds widely 

diverging criteria for  judging the import~nce of a particular piece of work. 



Machine Vlslcrnl not the ' I f0 sf A.I," 

Sttll cgl-ters gase the vnsnon r;,marn only as a i r s ,  %.it! to illustrate some genera! 

mechanisms currentry favoured nn other artafrcial ~rrtelllgence work, or think of mackrne 

vision and manipulation merely as the "I/O of A.I.*, the rnterfaces which aBIow the 

smart machine to Enteract lnteftrgently wrth ~ t s  envrronment. I contend that ehrs is 

tmnreasc-nable stnce vtslon appears rs have roteresting features which do not have 

counterparts elsewhere, certannly not In the serial, Irngulstic kind of reasoning pursued 

an other areas of artlf tcat lntelllgence It is these features which make vision worthy of 

study E r n  ats own right One such aspect which has not been approached serrausfy 

elsewhere that of sparrab reasonlog whnch cannot be conveniently handled using the 

kinds of data structures explored so far and found so rsseful in other domains. 

Task af a Vision System 

What  IS the task to be tackled by a vision qstern? Despite widespread 

disagreement on many other aspects of vislora, most would agree that a vision system i s  

expected ta praduce a description of what IS being viewed. The  input may be one or 

mare images, each a two-dimensional distribution of scene radiance values obtained 

f rom some senslng device. There is less agreement on the form of the output. What  

kind of description is acceptable? Clearly two criteria must be satisfied: The 

description must 

I I )  reflect some aspects of the three-dimensional reality, and 

(28 be useful in carrying out a specified task. 

Usually ~t IS expected that the descr~ptlon rake a syrnbolgc form. Quite different knnds 

of descrrptaons are ttkely to be considered adequate when the system is part af a device 

w h ~ c h  knes up  swtegrated arruat chrps for automated lead bonding Worn, 11975bIJ3, as 

opposed to a stage of a system meant to express an opinion about the merle of 2 work 

af art. As so common, the representztloar of the given infarmation must be patch& 

t s  the task at hawd 

It would be much nicer i f  one common made of description ctsutd be emplsyd: 



since the system deal~ng with visuaf inputs then could be designed In isolation, without 

considering the overall cask. Perhaps this will turn out to be possible, at least for mrly 

stages of an  image analysis system. Certain kinds of operations an images appear to be 

dactated by the image rather than the task and aught to be done wftftaut consideration 

f a r  the task. At this point, however, it seems that task-dependent represe~tations will be 

with us fa r  a while. 

An important Iesson to be learned from the work on vision so far is that the 

problems are profound and not likely to succumb to the application of a bag of tricks 

from some other field, such as communications theory, statistics or tinear systems theory. 

Machine vision merits its own methodolagy. Attention must be paid to both the physics 

af image formation as well as the information processing techniques which can p r d u c e  

the desired internal descriptions of what is being viewed. It now seems that this latter 

endeavour can be helped aIong by careful corrsideration of the human visual system 

;and its strength and weaknesses. 

Unfortunately biological visiot-p systems are extremely complex and one can easily 

be led astray while studying them in isolation, without adequate tests of hypothesis one 

develops. SimilarIy, knowledge of certain physiotogical or chemical detail, for example, 

may not turn out ta be very illuminating. What happens to the confarmation af the 

rhodopsin molecule in the first few pico-seconds after a photon hits it is very exiting, 

but not helpful in the understanding of vision ia a broader sense. One thing arae 

learns quickly fram even casual study of natural vision systems is that prrxligous 

%mounts of compgttatiara are involved in the processing of the image informatiora. 

A Peculiar Dichotomy 

For a mobile biological entity above a certain size, vision is vital. It is barb to 

survive in a world. where others have this faculty and use it in competition far f d  

asld in predator avoidance. SimiBar!y, machine vision b a t s  great promise far artif lcia'l 

systems. Many tasks cannot be done, or can be done only slowly or clumsily wlthaut it, 

So ,  vision, while difficult, is ;also very useful. As 'a  result people wiH push the 

technolagy hard to get working systems. This has resulted in a peculiar dichotomy., 

T h e r e  are two kinds of systems: 



f l )  systems which work at reasonable speeds, arad 

( 2 )  systems which work reasonably welt. 

*AutomatedH Stereo 

Iflustrations of this curious phenome~a  abound. There are, f a r  example, a 

variety of machiraes which extract topagraphic information at reasonable speeds f rom 

stereo pairs of aeriabpkotbsgraphs. These devices use special purpose hardware to 

implement rather simple correlation techniques, and, as a result, require significant 

h u m a n  assistance. First, the operator is obliged to he1.p .the system out of "crauble spots" 

where the  correlation technique f a i l s  because either there is no detai'i, as an smooth sand 

o r  a lake, or because the two views are tos different, perhaps because the slope is large. 

Many times the machine does not evesn note that it is in trouble and so rectrds bad 

information.  These "glitches" then have to be tediousiy removd in an interactive 

edit ing process i f  the data is to be at all useful. 

O n  the other side of the coin, one finds many g o d  ndeas ID the machine vision 

community whfch requare ssphistlcated hardware and software for khelr lmplemenratxon 

and which are  slow on computers of tsdays i lk .  Methods recently developed at Stanford 

l Q u a m  1971, Cennery 19"9' Arnold 89"SEdl and at M 1.T [Marr 1974, Marr & Poggia 1976, 

M a r r  Br Poggno 1938 are considerably more robust, but reqtrlre staggeriarg computing 

power on machnnes of standard arch~tecture. 

Systems have been developed For classification of terrain based an  the application 

of pattern recogr~ition techniques on a point by point basis. Special hardware has even 

been built ta implement this simple process, perhaps prematurely, since the performance 

of this method leaves much to be desired. T h e  classifier has to be trained anew f a r  

each image, it cannot deal with hilly terrain and changes in the lightirng angles. 

Typically, the classifier is only used as a step in an iterative refiraement prmess with the 

h u m a n  operator making the real decisions. Even then many points are incarretly 

classified i f  the separation between classes is not very distinct. 

Yet a t  the same time werk at Pu'rdue Landgrebe $973, Landgrebe 1995, Gerpta et 

a l  19"a3, Swam $9731 and the University of Bri"tsh Columbia [Starr Bb' Mackwarth 1(3%89, 



has  demonstrated the advantages of several methods for including contextual 

information. Growing srnaft regions of similar spectral signature and classifying the 

regions, rather than individual points helps, as does the use af even rather primitive 

textural measures [Bajcsy 19731. Amongst several other promising ideas are chose 

recently expounded a t  the University of Maryland [Rosenfeld t977b, Rosenfeld 19783 

regarding the use of relaxation methods, also known as cooperative computation 

methods. While all of these methods produce results far superior to those generated. by 

the poirat by point methods, it must be admitted that they require considerably mare 

somputirag power. 

As a Iase example we may look at edge-detection and Irrae-ftndang. Many fast 

systems, some even running at full video speed: [Nudd !EBB], use simple aperations such 

as R~ber t ' s  gradaent, discrete approxinataoi-rs to the Laplacsan operator or Sabel 

gradpe~e-s These produce visually pleasing result, but the edge fragments prduced  

tend to be too nosy and I!!-defined to succumb to concerted efforts to glue them into 

reasonably contanuous Bnraes and well-defined vert8res 

Systems which do produce useable syln~bolac edge ~nformatnon such as those 

developed at  M I.T. [Grifftth 1970, Horn 113X1, Shira:: 1995, Marr 1996, Marr 197631 require 

vast amounts s f  compu"ing power both in terms of storage and mackine cycles. V e r y  

similar sores of ehrngs caa;t be s a ~ d  about approaches which depend on scene 

scgmentatlon usrng iregkon growing aechnlques instead of edge-finding [Brice & 

Fennema 1970, Ohlander 1975, Tenenbaum & Barrow 199"i". 

Vision hardware 

Part of the explanation for this dxrhtotomy then Iles in the impatfence of the 

~mplementers and the rea\ world need for solutrons to presslng problems ~nvolving 

processrng of v~sual rnformaemn It  rs natural to t h m k  in terms of special purpose 

hardware sutted to particular algorlthrns. For specta'81zed tasks it is possibk eto realize 

one to three orders of magnrtude speed-up In processrgsg with affordable special 

purpose dev~ces  In the past the development sf  such hardware was perhaps 

gnapproprlate smce no one had enough conf~dence in any partfcufar scheme to fammit 

resources ta an implementatzon effort. Also, the exrstence of  fast systems that use very 



simple methods, has discouraged further work, since "the problem has been solved". A 

look a t  the  results quickty convinces one that this is ~ o t  so. 

Several fields may be identified as having contributed mapr  ideas ta machine 

vision. 'B will single out just three here far diseuss~on. 

(11 Image Processing 

(21 Pattern Recognition 

(3) Scene Analysis 

Each fae%d has now matured suffrcrewtly to have Its basis tools documented in a 

number af monographs, collect~ons and text books [Andrews 1970, Baberman 1973, 

Cosezalez & Wrntz 194x H~uang 19"15, Llpkrn & Rosrnfetd 1970, Rasenfeld 1969b, 

Rosenfeld 1S"lfiPs [Cheng 1968, Fu 1974, Fu 1976, Grassel11 196% Tau & GonzaDez 1974, 

Watanbe 19691, [Duds & Hart I973, Hansow & Rlseman 1918, Wnnston 1969, Wlnston 

1977TI, as well ;as hundreds of papers Indeed, I cannot begrn to do jamstace to these here, 

but lnstead refer the reader to A Rrsseasfeld's excelrent blbllographies lssued annually 

fRosenfeld 19698, Rosenfeld 1932, Rosenfeld 1993, Rosenfeld 19?5, Roseatfeld 19768, 

Rasenfeid B97hal In order to see where we are arsd to d~sfern possnble future trends we 

should analyze the  strength and weaknesses of each of these paradigms in tackling the 

basic task we have set out for a machine vlslon system. 

Image processlng* as the nrarne suggests, rs somethr~g one does wzth amages. 

Herein lies both at% strength and i t s  weakness. 0 1  the three fgelds mentioned, this is the 

only one w h ~ s h  deals wxth Em;Pges as input. Indeed the basnc operations apply to arrays 

of r aw Image Intensities Many useful transfers of ~deas to machine visiow can be 

traced to c h ~ s  emphasis. Unforrunaeeiy, image processing a1s0 produces images as 

output -- not descr~ptlons Only In so far as these new, poss~bly enhanede smaathed ar  

sharpened Images are easier to process are these techniques useful. S~nce, ~n the case of 

Image processing, the fmal product IS lntended fox human vlewrng, this Is rarely the 

case. Further, os;ae f ~ n d s  an unfortunate emphas~s on I~near, shift-invariant methods 

and consequently assorted transform techntques. Such ~deas have only p h y d  a lamrtd 



role in machine vision. 

At the core s f  this field is a method, pattern classification, which is concerned 

neither with images nor with descriptions thereof. Pattern c*rassification instead deals 

with the mapping of vectors into integers -- the vectors having components which 

represent measearernento of some entity, the integers denoting the ciasses to which this 

entity might belong. This paradigm of feature extraction folfaweri by pattern 

c%assification is of interest her?, however, becayse many of its applications have 

involved features extracted from visual data. Several techniques used in the calculation 

of the numerical feature values for the classification praess have 'found other 

applications in machine vision. Much of the sophisticated mathematical paraphenalla 

used to analyze the pattern classification stage has not. 

Scene axtalysrs concerns itself wsth the processing sf descriptions of images into 

mare sophaselcated, or perhaps more useful, descrlptrons. In category one finds 

much of the blacks-world work on l ~ n e  drawings [Roberts 1965, Ctowes 1971, Huffman 

197E, Waltz $97551 As I t  turns out, ~btannang the line drawrngs rn the frrst place from the 

raw Image ~nformatson was the more dlfflcult task; In fact, no system prtscauces the 

perfect descrlpt~ons needed by early scene analysis systems EWlnsto~, %9%2, Grape 19q2, 

Falk E9721 

More recently, discouraged by the somplexlty af the d~strtbutrons of raw amage 

Intensltres, researchers have turned to methods whtch explo~t prlos knowledge about the 

likely cob-atenrs of the scene betng viewed [Reddy et a! 19B3, Tenenbaum & Barrow 19'661. 

In Max CBoweshords "'Vzston ts conprofled hallucinatton". The  image cantrrbutes a 

small ""cssnero"81ng" mfluence on the vzston system" s"halluctnatlons" based on 

expeceatlons and predrctzons Sirn~lar rdeas have taken hogd In other areas such as 

speech, where researchers desparr of dealsng w ~ t h  the complex~tles of the raw acsarstic 

waveform wlchout guldance from %parlous 'knowledge sources" There 1s however an 

ever-present danger of "contra%!& halluclnation" tknrnrng Ento "halltscnnation". I tht~lk  
we may have closed our eyes to the raw Image for too long. 



T h e  early years of any field tend ta be characterized by a wide variety of 

a p p r ~ a c h e s ,  many false starts and techniques based on inappropriate analogies. W e  czn 
Iearm from these mistakes if we wish. Here are some things to avoid: 

61) Using a mechanism-oriented appraach, instead of a prablern-oriented 

C3Fte. 

(21 Applying a knawn bag of tricks from another field. 

(3) Believing that complexity wili automaticalty give rise to interesting 

bekaviour. 

(4) Hoping that '7earnirrgW will provide a boat-strapping mechanism. 

( 5 )  Believing what works in a simple situation can be easily extended to 

a more complex one. 

( 6 )  Suffering from theorem-envy -- introducing unwarranted 

mathematical hair. 

(71 Warking only ora the "interestingw sub-problem -- often not the 

weakest link. 

($1 Following the latest Fad. Create your own instead! 

(9) Taking a random path through a maze of possibilities without 

explastation. 

(101 Admiring the King" new clathes. 

Attempts are b.elt%g made ta apply.machine vision m e t h d s  to so maary different 

prablems using so many different methods that it is impossible to give any kind of 

cahftren t summary. Furthermore, progress is being made In undershnding several 



important fundamental issues which cue across the spectrum of appllc;rtions dornairrs. It 

seems appropriate to concentrate attelltion to some of these issue?;. 

If the task af the vision system i s  to produce useful descriptions af the scene 

being viewed, i t  is naturally important to pick a g o d  represelltation f a r  

three-dimensional objects. IF such a description is then ta be used for recqnitian or In 

the determination of an object's position and orientation, ie must capture information 

about the shape af the object and its disposition in space. This is ara important 

prclab%em, which does not occur in the processing of two-dimensional patterns such as  

microscopic image of bio-medical interest or in other areas such as finger-print 

identif icatian or character recognition. W number of representations are currently being 

exp'lored. One  uses generalized cylinders or cones to approximate parts of objects after 

segmenting them into suitable pieces {Agin & Binford 1973, Nevatda 1974, Binford 197Ia, 

Hallerbach 19'76, Nevatia & Binford 1977, Marr 8r Nishihara 19773. The  ir~flarmation 

needed to construct such represenratlcans may be obtained by a variety of techniques 

including laser range finding ENitzan et al 199U and stereo dispzrity czlculatians. 

SPINES 

Another represeni-atzon of the shape of an abject uses surface normais s r  "sp~nes", 

Thas was suggested [Horn 19179, as a more approprrate representataon khan one In terms 

of elevataons above some reference plane [Horn 1975a1, nn pare because surface nclrmais 

ua~dergo a simpler transformation under rotatton Indeed, human perfarmanctr on 

shaded images suggests that we are rather poor at estabhsh~ng reiatietnsb-t~ps is?, 

eHevatlon, but have a pretty good 1de8 about the local surface orientatzon. @ortunateve 

rnethods for determlnrng thas kind of ~nformatnon ewrsts, rangtng from photometric 

stereo [Woeadham 19741 to the shape from shadang algoretbnm. More recently this 

representatloo has been suggested as a half-way step to representation in terms of 

generalrzed cones IMarr 19784 

From the discusslon of the roots of machine vision it mus"8:be clear to the reader 



that the crklcla"ithng fnis . ,~g from all three ancestor fields is the hck sf a method 

which takes one from raw image intensitges to symbolic descriptions. Little thought: had 

been given even to the problem of where the appropriate paint for this trarssformatiora 

would be. Recesrwork suggests that the first symbolic description be obtain& zt a n  

early stage EMarr 19761 af the prmessiaag of the visual Information. That is, the Initial 

symbolic description contains very many items, each of a rather simple nature. Further 

analysis is then carrred out using symbolic information processing techniques on this 

initial data base. 

Th l s  is a considerable departure from vtsion work in the blocks world, where the 

first real symbolxc descrlptrfsn was a complete line drawing. Even then rt was clear that 

this was nnapproprnate, and crude sym$ollc descr~ptlon and the mechanisms fa r  

manipulating them, ex~sted hidden rn huge assembly language programs [Ham 19713. 

Many of the ~dearj regardtng the use of early symbohc descriptians have came 

from a better underseand~ng of human vlsron. Couversely, computer implementations 

pravide an outstanding way of testlug emergzng theories about visktai perceptian EMarr 
19783. Wtthaaut such checks speculation runs rampant. 

11: ts riot uncharacterlst~c of' computer science to tackle a new domazw with total 

1 d ~ s d a ~ n  fo r  the details of the mechanisms evident In ehtet domaln. 06' more interest to 

the computer sclenerst are questrans of computatlonzl structures and effrcnency and 

whether ir proposed algorithm will apply In the new domagon. Machine visian ss no 

exceptxon in t h ~ s  regard. It seems that for a bong tlme there was very lnttle interest in 

the orrggns of the arrays of numbers gladen as input to a machine visgon system. 

Recently ~t has been found that many constraints due to the physrcs of the real world 

situatsan can be succesfully expiolted, once understood (Waits 6975, Horn 1875a3, Thts 

enabBes processing not otherwise possible. 

Understanding the process af Emage format~on 1s helpful in invertrng the image 
formation That  IS, t t  rs useful to know how objects are ~maged, i f  one wzshes to b u ~ l d  

a symbol~c descriptzon of what 1s bang viewed from the Image. This kind of" 

c~nstderatlon has focused attentIan on smooth variations En intensities In an image 

CMarn 1977, Horn 19783. Prev~ously, fmage mtensltges were prmessed only to extract 

regions of more ot less uniform prope x s  ot to locate pdn t s  of more or less rapid 



intensity change. At  that point the image iattensitirs themselves were discarded. T h i s  is 

unfor tunate  since a great deal of inf~rmarion about: the obpc& bedrsg imaged is 

ravaiiable there. Th i s  i s  quite different from the situation which applies in the case of 
binary images, useful in character recqnition and printed circuit Inspection far 

example. 

Basically, what one is after i s  infarmation about the permanent properties of the 

objects, such a5 reftectance, catclr and shape. This information is present in the raw 

image, brae only in a coded fashion [Barrow 8c Tenenbaurn 19781. One may, fo r  

example, have to also deal with illuminati~at conditions and shadowing. It is possible to 

extract ai l  of this infarmation from the raw image intensities, once the basic laws of 

image formatron are unders tad .  I t  is time to break the code. 

Progress has been made -- at least we now know more about what we are Up 

against. Much remains to be done. There rs no shortage of g d  ideas right naw, 

we can discard same that no longer serve us wet!. 
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Abstract 

A computer program named Ani is presented in this paper.i When 
carnpleted Ani will be capable of producing won-representational narrative computer 
animation in response to very hlgk-level incomplete descxiptians. Anl brings tagether 
many different sources of Knowledge in the farm of st~ggesfia7as which interact and are 
combined En complex ways. Xnitralfy Ani is faced with a very under-constrain& 
situation. As choices are made canstraints are added in such a wag to keep the fi'lm 
bath coherent and possible. T h i s  system i s  presented as one example of a 
computational process of creativity. 

Some of the  pangrams we have dcscrtbcd perform work that  1s consrdered difficutt, 
and even mlPrHly creative, when i t  nr; done by humans. Afthough these programs 
fall consnderahly short  in performance of the h i g h ~ s t  Ievels of creativity of which 
humans a r e  capable, there ~s every reason to suppose that  they are qualitatively of 
t h e  same genus as  these more compicn human problem sotvrng praceses. 

"The Processes of Creative Thinking" 'eav Newel!, Shaw and Simon [NeweH 119623 

Introduction 

Creativity is an adjective that  is seldom applied to machines, except perhaps in t h e  
science fiction literature. MistoricafJy this has been justified because machines a r e  rarefy 
Gaitt  with a creative capability which is based upon anything other than simulated flips af a 
coin, Recently computer programs have been built which exhibit a degree of creativity that ,  
while nowhere near the level of n Beethoven, Shakespeare, E i ~ s t e i n  or Picaascl, is hard t o  
deny. A program such a s  Talespin [Meekan 19761 can tell interesting originaf stories, T h a t  
they  a r e  not as  good as  an Aesop fable is not critical; very few humans can make up  s t a r im 
of such  qxratity either. 

T h i s  paper presents a computer program called Ani which erempBifies the  process of 
c rea t ing  a complex s t ruc tu re  from a high-level incomplete description. The  complex 

s t r u c t u r e s  t h a t  Ani will produce are simple narrative animations,' A user presents Ani with 
a sc r ip t  consisting of a descriptiora. of the characters of a story, their refatianship t o  each 
other, a. general description of the cartoon" style, mood, focus, length etc,, an& 8 plot. A plot 
i s  a description of a aeries of scenes indicating the interactions and emotional s ta tes  of the  
characters .  T h e  script which is presented to Ani in a very stylized format describes the  film 
at  s Bevel c;~xcBn as  "the heroine is shy, friendly, hard-workirsg, and gracefut", "the heroine is 
dominated by the  antagonist who hatcs and mistreats her", "the film should be campier, 
fast-moving? and unusaaal"', o r  "in the third scene the heroine shaald became very sad a s  a 
r e s a l t  of t h e  antagonist doing something that  prevents the heroine from meeting her foae~", 

1, Ana 1s a nickname for mmat jon .  
%, T h e  use of the  feattare tense for  some of the descrapkion of Ant" behavior is expected $6 

be replaced by t he  present tense thls spring. The system $8 curres%tjy nnder develagmerad and 
is e n p ~ c t e d  to  behave as described hereln by the end of May, 



I t  i s  hni 's  job t o  c r e a t e  a l i im s t a r r i n g  simple geornetrlc shapes frr l f~t l ing such  a scr ipt .  h n i  
t s  c u r r e n t l y  hclrtg tested on a s h o r t  descriphnon of  a simplifted version af ehe s t o r y  ai" 
Cindcref  la. 

A f t e r  reeeavinf: t h e  scr ipt ,  Ani is faced with many choices upan which s h e  musk 
b r i n g  t a  b e a r  t!!ffep.ent sources  of knowlcrlge. Most nf this  knowledge ig represented a s  
S U ~ ~ ~ S ~ ~ O R T  which recommend vaiue ranges fop.  descriptor^ ~ u c h  a s  size, typical epecd, and  
s h a p e .  'I'here a r c  also suggest ions f o r  methods of  ek$ab!ishing t h e  personality and  
relat lonsfr ip of t h e  charac te rs ,  of conveyinn t h e  interactions and ernotionaf s t a t e %  ab t h e  
c h e r a c t r r c ,  and  of displaying t h e  behavior of ~ h r .  characters. 

?'he h r ~ g c s t  problem t h a t  hn i  faces is t o  make scnae of all these sugges t ions  f r o m  
var i r t l  sn t l rc r s .  F ~ r s t  s h c  cornhrnes those ktrgge~tiogts t h a t  a r e  compatrhle with each o t h e r  and 
n o t r s  a n y  r o n f l i c t s  Rctween rneompatihie sv~ggestrons. She proceeds t o  choose values f o r  
r f c s c r i p t a r r  hy  snaking compromises hetwrrn srtgfrestions, by resolving conflrcta and by  
g a t h r r ~ n g  gtrw srrggcr;tions. hnr will choose among thc  methods of establishing, conveying and 
cfisplavrng rn such  a way that  those mcthods t h a t  a r c  both appropriate  and se rve  a s  many  
d i f f r r e n t .  p ~ ~ r p o s r s  a s  possihlc a r e  favorer!. I n  ordcr  t o  maxrmize t h e  coherence and minimize 
t h e  arht t rrar ineas of any choice Ani vmws this a s  a ~ ~ r n u l t a n e o u s  goal problem and m a k e s  
t h o s e  c h o j c r s  t h a t  a r e  t h e  easiest o r  most crrnstra~ncd f r r s t  and only near  t h e  end wifl make 
t he  h a r d  c h o i c r s  b r twccn  many canblacting silggestians. Finally, she  makes those c h a i m  far 
which s h e  h a s  t h e  Jcant hasis. 

& Scrrpt for Cinderella 

T h e  t l w r  prrsclnts hn i  wtth a scr ipt  which 1s a high-levei drscription of t h e  desired 
htfm. A s r r r p t  consis ts  of ~fescr ip t ions  of chaaactcrs, the relationship hetween charac te rs ,  t h e  
p l o t  and  gBoaPal rlcscrtptors of t h e  film. ' 1 % ~  plot is a description of t h e  sequences of ac t ions  
or S C P ~ C S  t h a t  a r c  Po t a k e  place. The c o m p i c ~ e  scr ipt  of  a simpllftcd version af t h e  s t o r y  of 
@inrt?rrrtla t h a t  is presented t o  hn i  i s  ahauk E W O  typed pages, Briefly t h e  plot is a s  f o l l a w ~ .  
GindrreI ' la  IS goad,  kind and shy  and dominated h y  her  evil s t e p  mother. H e r  s t e p  m o t h e r  
p r e v e n t s  h c r  f r o m  meeting $he  Prince. Cinderella's Fairy G d k o t h e r  undaes whatever  t h e  
s t e p  m o t h r r  drd, eherehy enahl ing Cintlt:rc11a to mcct the  Prince. They  fail  in iove and a r e  
h a p p y ,  whi ie  t h e  s t e p  mother  is unhappy. Presented here a re  portions af i t  t o  convey the 
!eve! a n d  incnmp!edcncsfi of scr ipts .  

v 7 

b I h e  e n t i r e  drscr ipt ion of Cinderella, f o r  cxamplc, is 

(def  i ne c  i ndere l i a character ; Cinderella i . g  define& sha be a character 
dpr o c r  sf; i n i .8 i a l descr i p t  i an ; p r a e ~ g a  and remember the follswing. 

f phys i ca f (and beaut  i Qtr l shabby) 1 ; i s  beakatiful a n d  rhabby 
( p e r s o n a l i t y  (and goad f r i e n d l y  hard-uorking s h y ) ) ;  i g  @sod fdelsdly ... 
( r o l e - i n - s t o r y  most- important f f )  

A l l  t h a t  Ani is told a b o u t  t h e  relationship of  Cinderella and h e r  s t e p  m o t h e r  is  t h a t  
she is b o t h  t o l e r a n t  of and obedient t o  her s tep mother  who both dominates  and h a t e p  
Cindere l la .  

T h e  f i r s t  scene in t h c  plot is descrihcdr a t  a very high Bevel thereby  leaving Ani 
m u c h  leeway in detcrminrng t h e  par~icul iar  actions of the  characters. S h e  is asked t o  
e s t a h i i s h  t h e  prrsana8it.ics of Cinderella arad her  s tep  mother, the i r  relationship and t h e i r  
e m o t i o n a l  s t a t e .  T h e  nex t  scene in which Cinderetla in; kepi  from meeting the Pr ince  i s  n o t  
d e s c r i b e d  at.  sush a high level, instead i t  i s  described a t  t h e  level of conveying =stain 
i n t e r a c t i o n s  h r t w e e n  t h e  characterg.  I t  is defined 8s 

( d e f i n e  kept -apar t  scene 
[process i n i t i a l  d e s c r i p t i o n  

f sequence: ; the fallowing parta ate strictly ordered  ad preaelsaed 
[convey (wants c i n d e r e i  l a  (meets c indere l  f a  p r i n c e l f )  
: f i r s t  B&OW t & a ~  C i n d e r e l l @  mantn to  meel t h a  $&nee 
fconvey (prevents step-mother [meets c indere l  l a  p r i n e e l l )  
; next con.tiey that her step mather prsventa her  f r a m  meel in& rhe P&ncs 



(and (establish cinderella (enotio;aai--state; ( j o y  (negative high)))] 
; that Cinderella irrlcsmes uery &anhappy 
fes  tab l i sh s tep-nro the r  ; and tisac her sgep mother i s  praud arsd happy  

(emot iona l -s ta te  Band [ j o y  ( p o s i t i v e  m ~ d i u m l l  
( p r i de  (positive m e d i u m ) ) ) f f l ~ ~  

f set  your rhy thm tcr (changes f a s t  sf aul 1 ; and it%- rhythm rharrid lessen 
( s e t  your I ength  t o  tang) 1 ; this  scene a h  should be I a ~ g  

O n e  i m p o r t a n t  point a b o u t  t h e  script. is t h e  knse of  words t h a t  a r e  usual ly t h o u g h t  
o f  as v a g u e  o r  squishy.  Wni is perfectly a t  home with words like "hard working*, "angry", 
' a c ~ h e r e ~ c e s S  a n d  '"eves". T h e s e  wards  have a direct  e f fec t  upon t h e  firm h n i  i s  producing.  
T h e s e  w o r d s  a r e  pr imari ly  m u r c e s  of suggestions t h a t ' a r e  tapped t o  make  t h e  myriad choices 
f a c i n g  h n i .  T h e y  a r e  also used t o  genera* character  comparisons. Some of t h e s e  w o r d s  
a f f e c t  which  m e t h o d s  of estabt ishing t h e  personalities o r  conveying t h e  in te rac t ions  and  
asreads of t h e  c h a r a c t e r s  a r e  chosen. Some methods a r e  appropriate only if t h e  a c t a r s  involved 
h a v e  a p a r t i c u l a r  relationship. For  exampie, t h e  8tep mother  is  ab le  t o  nse  t h e  method  ctf 

c h a s i n g  Cindere l la  off t h e  s t a g e  because she  "'dominates" Cinderella. 

h Cinderella FlPm - 
I n  t h e  in te res t s  of simpIicity Ani is limited to  producing graphical ly very s imple  

a n i m a t i o n .  T h e  appearance of t h e  charac te rs  is restricfed t o  simple geometr ic  shapes  aF a 
single color .  T h e  shapes,  sizes and colors of t h e  characters  will be determined by  Ani  on t h e  
b a s i s  of kha descript ions of t h e  charac te rs  and their  rciationship, pair-wise camparisoras a f  
t h e  c h a r a c t e r s  rhak s h e  genarates ,  and t h e  ghnbai description of t h e  film. 

O n e  o f  t h e  reasons f o r  simplifying t h e  graphic images of t h e  c h a r a c t e r s  i s  ta avoid 
%he necessi ty  of placing in t h e  program the  tremendous amounts  of real world knowledge 
needed  t o  m a k e  representat ionat  images look and move in even a semi-reatistic manner. T h e  
o t h e r  m o t i v a t i o n  f o r  keeping t h e  graphics  simple is t o  concentrate upon t h e  dynamics o f  t h e  
a n i m a t i o n .  T h e  complexi ty of daoi is in her determination of t h e  movements asld changes  of 
a p p e a r a n c e  of t h e  charac te rs .  

A typical  scene is t h e  one where Cinderella is prevented by her  s t e p  m o t h e r  f r o m  
m e e t i n g  t h e  Prince.  T h e  sc r ip t  says  t h a t  first. ~ h c  fac t  t h a t  Cinderella wants, t o  m e e t  t h e  
P r i n c e  s h o r ~ l d  b e  conveyed, and then the?. she  is prevented from doing so  by  h e r  s t e p  mother .  
hk a r e s u l t  of t . h ~ s  s h e  bccomrs very sad and her s tep  mother  ik happy and gloat ing.  T h e  
s c e n e  shoslld b e  long a ~ d  t h e  r h y t h m  should slow down. Owe of t h e  bimpfier ways in which 
Arai c a n  m a k e  such a scene begins with t h e  Prince enter ing f a r  f rom Cindere?rla. S h e  t h e n  
m o v e s  t o w a r d s  h im only t o  be  btiocked hy her  s tep  mother, She canstcat g e t  a round  h e r  a n d  
t he  f"rinc$: csntinntes pas t  t h e m  wi thout  noticing them ii.e. making any special movement  in  
t h e i r  vicinity).  Once t h e  Prince has  passed, Cinderella's movements become much  slower,  
w h i l e  h e r  s t e p  m o t h e r  t remble6 (with pride) and moves in f a s t  long curves. AdnaittedIy this; 
d e v i a t e s  g r e a t l y  f r o m  the originai fairy talc, b u t  t h e  scr ipt  is best  viewed a s  inspirat ian .BQ 

Ani r a t h e r  khan a detaiied description of a desired film. T h e  user  can provide cr i t ic ism, 
h o w e v e r ,  s o  t h a t  Ani can  remake  the film closer t o  his o r  her  desires. 

T h e  reasoning An1 wllB perform t o  produce thrs frlm ~s compHer T o  choose a vague, 
s u c h  a s  a typnca8 +paad for Cynderella, Anr begins by g a t h e r ~ n g  suggest ions f r o m  v a r i o u s  
sourcar;, c s m b t n t n ~  qlrntlar s o g g e s t ~ a n s  and natrng any conflncts. I f  s h e  f lnds  s o m e  
s u g g r s t ~ n n s  wtthonxt any  conflnsts s h e  h a s  ~t eaqy and gust folfesws t h e  s u g g e s t i o ~ s .  %f  t h e r e  
are n o  supgast inr~. ;  +he  h a s  t o  Hook harder  for more suggeskrans. T h e r e  a r e  t w o  a d d ~ t a ~ n a l  
typt-4 of s o ~ x r c e s  of ~ g f g g t s t l o n s  t h a t  she  can tap: relatrve s ~ ~ g g e s t l o n s ,  whrch nndzcate t h e  
vaBup of t h e  a l t m r n t  Tn question relat3aie t o  t h e  value af t h e  same elemerat of a n o t h e r  
c h a r a c t e r ,  and  g l s h a l  d e s c r ~ p t l o n s  of t h e  f f im such a s  t h e  deslred level of var tety,  camplexrty,  
% ! a s h ~ n ~ s s ~  etc.. When  a cglnfiact ar tses  between suggestnans An1 h a s  several ways of resafvnng 
it. First s h e  wkiB f r y  t o  g a t h e r  more suggestions. Farlrng t h a t  s h e  wnll r e p e t  one  o f  t h e  
c o n f B ~ c t l n g  suggps t rons  usnng varroars crrterra, a r  t r y  t o  make same campromlee between t h e  
sraggestzons 

C h a r a c t e r  s u g g e s t f o n  - a o u r c ~ s  a r e  pramerajy t h e  d a s c r r p t o r ~  of t h e  character. .  The 
d e s c r t p t o r s  t h a t  deflrsc a c h a r ~ c t e r k  ppersonalt~y, physacai appa lawcc ,  morcment  and reale i n  



t h e  s to ry  usnalBfr have assoelated with them t;uggestsons for valum. For example, t h e  
descrrptor  ""hard work~ng" fi defrned tn Awa as, 

{define ha rd -uo rk i ng  personality-character-descr~ptor 
hprocess suggest ions 

(Car speed [no t  fou l  s t r eng th  medium) typical  speed is @@b lorn 
{ f o r  a c t i v i t y - l e v e i  h i g h  s t r eng th  high1 :; ~slsonglpd tuggsrt t?d 
( f a r  r h y t h m i c - l e v e i  Bnat lodl  s t reng th  medium) 
( f o r  r epe t i veness  h i g h  s t r eng th  high1 
f f a r  d e i  ibe ra teness  h i g h  s t reng th  medium] 
i f o r  ( e s t a b l i s h  ?character  hard-working] 

; ta es tabl ish  that a cksractor  i s  hard working 
"me thad: convey (does ,character t a s k )  

; atap method is to canajey t h ~ t  rhcs: charaeatlr does  nome t a r &  
best-uhen B d i f i i c u l t  task11 
; $his i s  b e ~ t  mhcn the task i s  d i f f i e ~ l e  

s t r e n g t h  "medium) 1 
(add  I n d u s t r  i ous ta  B i s t  o f  ns i ghbs re l  ; an inedirecr source a! sugg~bt io ;?d  
(add l azy t o  B i s t  o f  oppos i t es l  1 ; consider the ncgatioro of Barlg)s suggea t i sns  

Rclatrtre suggestton sources are  the  d~scrrptors  of the rclatlonshlp between t h e  
characterc,  and rompartsons between the characters. For example, the  relatronshep dcscrtptar 
"dornrnatet;" mkaaggests t h a t  r f  character A domlna"es character B, then character A's typical 
spesd shornId be greater  than rharacter B. Reiaexke suggestrons must interact wlth o the r  
choices LCP obfain an absoltrtc value. Reiati%.e suggestrons also come from comparisons t h a t  
An1 makes. For ~xam~gHe, the  fact t ha t  two characters; are very s ~ m ~ l a r  strongly suggests t h a t  
t hey  have t h e  same vaiurs for many elements Of course, thrs as too simple-mrnbed -- 
somr t rmrs  what  rs cralclai rs t he  subtle drffercncec, between snmriar characters, a r  a the r  trmes 
t h e  dxffcrrnce hetween two srmntar characters s h ~ ~ l d  be accented by choostng divergent 
value.; fo r  one o r  two elem~ntti  to help the vlewer efrstjngulsh the two characters. Sirnilarty 
t h e  flndang t h a t  a character ES unrque suggests that  the values; af tha t  character be d ~ f f e r e n t  
f rom t h e  others. 

Ginhdf sarpgest~on sowrres are those deserlptors that  apply to the  film as  a whole, For 
example,  when the  energy Bevel ss Bxrgh ~t suggests hlgh values for the  movement elements 
such a s  speed and acseteratlon. When the desrred vaarety leve8. rs high t t  suggests values 
d r f f s r sn t  from those ehosen already. When all else faiPs then a value as ab&~ned  f ram t h e  
e lement  rtsetf (e.g. size or  speed) 

T h c  prdpblrm of comhlnlng all these s~lggestlons In asrder to  actually choose a v a l ~ e  
n?a taandlcd by An3 as  follows 

t f  Camblne tt-swar stjggrstions tha t  are  dentical or nearly $0 

2 )  Combrne those sztggest~ons tha t  can be comb~ned w f t h o ~ t  any information loss. Eg, the 
value  ""frss-than hrgh" and "mcdrum'\omb~ne to " m e d ~ ~ m " ~  

3) Note  any conflicts between incompatible values 

4) Compromise any suggestions whose vaYue are "cfose enough", e.g. "mediamn 3rd "low", 

T o  actually choose s value An1 analyzes the r c su !~s  from the eornblnat~on step. If 
no ronflgc-t.: a r c  tdtccovered and I F  there are enough strong suggestrons then t h e  value 
s u g g r s t c d  rs taken. I f  there are  not  enough suggesttons, the@ Anr gathers  u p  mare  
linformateon, B T  p o t i ~ i h i ~ ,  and the  process recurses. If more suggesttons cannat be found 
$ecaub;e o tha r  chgtatcs have yet to be made, then those C ~ O B C C S  $are given Ragher prrarrty, t h e  
earreant cholr r  rs post ponrd, and the reawn for nts postponement 1s recorded. Bf conflicts 
were  found thew a lang serrcs a f  heurtstrcs are used t a  try to  resolve the  cossfigct by e i ther  
forc ing a compronrirse or  h y  regcctnng one of the canflictang suggestnons, Eventually B valve 
rs chocen. T h r  derlsrbn a s  to whnch rholce to work OR next rs based upan the  xdea t h a t  those 
chotces t h a t  a r e  t h e  easrest to make, r,e. those that  have the mo$t non-canftsctrng suggestions 
shoz~Pd be made f ~ r s t ,  foilowed by those that  are  lacktng essential [but  obtainable) 
znfcarmatsan, fallawed by those wath conf!~ctn, and finally those whrch have the  I e a ~ t  basig 



& Conclusions 
An important qrrestion one might have for a paper purportedly describing an 

example of conpr~ta t ional  creativity concerns its generality. Without more research, any 
answers  a r e  necessarily speculative, however, something can be said. I hope i t  is cIear t o  t h e  
r eader  t h a t  thc  framework sketched above is appropriate far a broader elass of animation. 
T h e  system can he extended to  include. figurative images as weit as more perceptual and less 
na r ra t ive  animation. 

T h e  creation of an object often hegins from a description of a se t  of parts, some 
re la t ionsi~ips  between the  parts and a temporal description sf .the interactions of the  parts. 
T h e  usefr~lness  of making comparisons between the parts to determine their degree of 
s imi lar i ty  and their level of uniquersess has a greater generality than animation. T h e  
framework in which suggestions from these various components interact and are  combined is  
a lso  of generat applicability. The  control structure guiding the creation of the animation was 
s n l y  touched UlfrQn in this paper- This contra1 strategy is applicabfe to many domains where 
one is initially under-constrained and where the process of making c h o i c s  adds new 
constraints.  TO know how fa r  thefie ideas can be extended and to determine what o ther  
c rea t ive  endeavors they apply, we will have to test them, i.e. to impIement a ther  erampfes s f  
campratationaj creativity. 

Sta ted otherwise, we would have a satisfactory theory of creative thought if we 
corlld design and build some mechanisms that  could think creatively (exhibit 
behavior just iike tha t  of a human carrying on creative activity), and if we coutd 
s t a t e  the  general principles on which the mechanisms were buiit and operated, 
[Mewell f 9621 

X wish t o  thank Cart Hewitt, Henry Lieberman, I ra  Goldstein, Luc Steels, Seymour Paprtrt and 
Marvin &finsky for the  heIp and advice they have provided me while doing this research. I 
would also Bike t o  thank IBM far  providing me with a feltowship during the  time sf th i s  
research.  

[Ratan 19R] Mahn, K. 
"A Computational Theory of Animation", Ml'r AI Working Paper a145, Aprit 1977 

[Meebran 19751 Mechan, J, 
" T ~ P  Mc~anclvaH: Writing Storres By Computer", Yale University, 
X)epartntcnt of Computer Science Research Report a?&, September 1916 

[NewelB 19621 NeweIl, A., Shaw, J., and Simon, H. 
""The Frrtsrssrs of Creative Thinkingcs 
isr to creat ive  
ed. Crrtber,  H. Atherton ~ r e s z N e w  York, 1962 pp, $3-289 

[Weir 19751 Weir, S. 
"The Perception of Motion: Action, Motives and Fcelingsm.in 
Depar tmen t  of Artificial Intelligence Research Report No, 13 
University of Ediptbbsrgh, Beeember 1975 



A SAhJ ALGORITlip.2 FOR THE SY!qTHESJS OF 
LISP FUNCTLONS FROH EXAPPLE P~OBLL:"; s :THE %BOER 
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G.R. 22 du C:!FLS, I n s t i t u t  cie Prc  , r a m a t i o n  
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Surmary 

We s t u d y  t h e  problem of s y n t h e s i s  o f  t h e  a l g o r i t h m i c  r e p r e s e n t a t i o n  o f  a  L I S r  
f u n c t i o n  f ,  g i v e n  i t s  domain and a  f i n i t e  s u b s e t  o f  i t s  g r a p h *  
The s o l u t i o n  i s  a n  i n t e r p r e t a t i o n  of a  program scheme* I n s t a n c i a t i o n  of t h e  
scheme v a r i z b l e s  i s  made by a  new method which u s e s  subsumption and t h e n ,  i f  
t h e  subsumption f a i l s ,  u s e s  g e n e r a l i z a t i o n  so  t h a t ,  a t  a f u r t h e r  s t e p ,  t h e  
subsunpt ion  e f  t h e  g e n e r a l i z e d  e x p r e s s i o n s  skcceed ,  

Key words 

D i f f e r e n c e  ~ q u a t i o n s *  g e n e r a l i s a t i o n ,  T.LSP programs. P a t t e r n  matching.  
Prchram schemes. Program s y n t h e s i s ,  Subsumption. 

1 . I N T R O D U C T I O N ,  - 
111 a  r e c e n t  p a p e r ,  P - I ) *  SUI!ilCRS [ 4 I d e s c r i b e s  a methodology f o r  t h e  s y n t h e s i s  of 
LISP programs from example problems.  These examples a r e  g i v e n  a s  a f i n i t e  sequence 
{ x . , y  ) , where Cx. j i s  a f i n i t e  s u b s e t  o f  t h e  dor;;ain o f  t h e  functi .on f  which 

I 
i s  20 i e  found and where yi = f(x.1. 

I 

We have s h o ~ ~ x i  1 2 1 t h a t  ' t h i s  methodology i s  a c t u a l l y  a h e u r i s t i c  (caLled " insane"  
by SUmERS) which instantiates t h e  v a r i a b l e s  o f  a  program scheme w i t h  r e l a t i o n s  
found i n  , t h e  exam;7les, I n  [ 2 1 ,  we prove t h e  v a l i d i t y  of t h e  c i ~ o o s e n  scheme f o r  
func t i . ans  t h a t  i n c r e a s e  l i k e  polynoms.. We s h a l l  here c o n s i d e r  i n  g r e a t e r  detail 
how t o  f i n d  t h e s e  r e l a t i o n s .  
E r i e f L y ,  it c a n  5e d e s c r i b e d  a s  an a t t e m p t  t o  subsume f . ( x )  t o  f ( s ) .  I f  t h e  

I i + k  
matching f a i l s ,  t h e n  we u s e  t h e  v e r y  way i t  f a i l e d  t o  g e n e r a l i z e  f .  (x) t o  

1 
f :  ( x i l a .  i x  1 s o  tha: a subsequent  s u h s u n p t i o n  of f .  (x., ? .  . . , X  ) t o  f ~ (x- - 3xn) 

A. n I L n  ~ . + k  L 9  

w i l l  succeed ,  
Th is  recal1.s s t r o n g l y  the methodology used by ROYER and  MOORE [ 1 7 i n  t h e i r  c e l e -  
b r a t e d  p a p e r  o n  p r o v i n g  p r o p e r t i e s  o f  LISP programs, and we propose t o  c a l l  o u r  
methodology : t h e  BOYER and E"i'30RE a l g o r i t h m .  

2 .  PASTRICTIOKS O U  THE DON4IN AICD THE KIKGE QF f , 
v 

A detai.lecl account  on t h e s e  r e s t r i . c t i o n s  i s  given. i n  [ 2 ] :: 2 e  s h a l l  r e c a l l  then1 
h e r e  b r i e f l y  Ln a i n t u i t i v e  way, 

2 . 1 -  R e s t r i c t i o n s  on Ix.) 
________-_----=-=- 1 

2 . 1 . 1 .  C o n s t r u c t i o n  of t h e  d o n a i n .  
To p u t  i t  i n  a wicked way, i t  i s  c h e a t i n g  t o  say  t h a t  o n l y  a  f i n i t e  sequence 
C ?:. 1 i s  g i v e n  : we r e s t r i c t  o u r s e l v e s  t o  such s i n p l e  domains t h a t  t w o  examples 

L. 
a r c  enough to d e f i n e  t i le rlihole domain, 
Wi? o b t a i n  x .from x. by si;bsi:itcti.ng one a t o n  A t  o f  x by a  l i s t  I.. - 

i+ L I i L 

F u r t h e r ,  t r r  i n p o s e  t o  L. t o  be c o n s c a n t  f o r  each i and tn C O I I ~ S ~ I ~  a  "s.[:;IIE~" 

.ztniri which t':i.Li i ~ n d e r g o  $he n e x t  su5s" i . tn t ion .  

Examples 0: si:ch domains a r e  : ; (A) ,  i 1 B) , (A II, C) , a . . 1 o r  ( A ) ,  ( A  B C !  , 
(PI j: c I: E ) g . x e  - O T  ~ ~ L i ) ~ ( L ~ ~ ( ~ ~ ) j 3 ( : ~ ( ~ ~ c ) ~ j 3 ( ~ ( ~ , ~ c ( ~ ! ) ) ) ~ - ~ ~ 7 t ~  



A s  x. undergoes  o n l y  one  s u b s t i t u t i o n  t u  l e a d  t o  x c;e c-11 ;hzse 
L i+l' 

f u n c t i o n s  : f u n c t i o n s  i n  one  v a r i a b l e  (;hey c a n  be  w r x c t e a  a s  n-ary 
f u n c t i o n s  b u t  depend on  o n l y  one substitution). 

2 . 1 . 2  ., T h e  f ~ i n c t i o n s  a r e  d e  Ei:ied on  l i s t - s  t r i l z t u r e s  r a t h e r  t h s n .  on  
l i s t s .  
L e t  x = (A E 61, L I S P  i s  w e l l - s u i t e d  t o  e x p r e s s  s a s  a f u n c ~ i o z  of x 
by c c ~ b i n i n g  t h e  two f o l l o w i n g  r u l e s .  

1 - g i v e  t o  x i t s  t r e 2  c r :p re s s io r .  i n  COII;S. Eiere, 

2 - give t o  e a c h  a tom i t s  f u n c t i o n a l  e x p r e s s i o n ,  fcr i n ~ t a : ~ c e ,  
here B = (CADPL x) . S o t e  t h a t  we 1 , ; r i te  (CAR(CDR s )  > 2s 
(CdDR x ) ,  t h i s  c o n v e n t i o n  w i l l  be uscd  i n  t h e  f o l l o v i n g *  
Here ,  

I; = (COXS(C.',K s )  ( C O X S ( C h D R  x) (COI;S(C.iDTIR x) (CDD13R :ij))). 

shall say t h a t  eacli. a t o n  of s i s  t h e n  giy:+n a s  a f r a g c c n t  oE :<:* 

Then 1~s a p p l y  t h e s e  t ~ s  r u l e s  t o  f  ( r ; . )  : we w r i t e  i t  a s  a t r e e  o f  f r a g -  
ments  o f  x .  by  w h i ~ . h  we f i n d  a n  e : q f i c i t  v a y  c o  e x p r s s s  : f  (x.) = E .  ( X I .  

i * 1- A 

Far example ,  i f  x = (A B C) m d  f(s ) = ( c  3 A)  the^ f3(:<] = (CO:;:, 3 3 
( c x u o ~  X >  (:or.is (c.ninR 2 ; )  (coxs (CAR XI SIL) ) ) . 
I t  a p p e a r s  t h a t  e x c l u d e  a l l   IF. f ~ r r ~ t i ~ i l j  t h a t  r..jor!< L I ~ D : ?  th; n;:::? 

o f  t h e  a toms.  Foi- i : l s ; anc r ,  a f u r l c t i o n  give:l b y  s ,  = ( A  3 )  f ( s7  j = 
i (A. A Bj, x = ( A  c , ) ~  f ( ~  = (A A A c)  i s  Z X ~ Z ~ ~ . . ~ ~ Z ~ ~  

- 
2 2 

This iasaas t h a t  :;e c o n s i d e r  o n l y  1unct io : l s  tl:~t t ; . ~ ~ ; r ? c i  on t h e  s ; r ~ ~ ; :  a:-i. 
o f  Zhz d o a a i R  l i s t s ,  

2 . 2 ,  Elesilr;c?ions c n  f *  -------- 
? .  O u r  ~1.e t h d  :s ihe followi.:lg : c o x p a r e  y. and 5; so t h a t   yo:^ : ~r.:: i + k  

rel;-t"li~)ns bz_.t:rcei~ f, (:;I and f .  (x). v $ r i f S ;  t h a t  t h e s e  r e i t i r i o n - .  -:-c. 
1 ~ t k  

the s m e  f o r  t h e  exar.l.ples g i v e n  and nake  thk  i n d u c t i c r ,  h y p o t i i s s i s  ~i l : - ; t  

t h e s e  r e i a t i o n s  a r e  t r u e  f o r  e a c h  L ,  ?he reacicr  \?ill uCdzrsxai?d a t  once . ~ t h e  a n a l o g y  w i t h  d i f f e r e n t i a l  e q u a t i o n s  e x c e p t  that w e  a r e  oi-t alss:-:-.te 
domzixs, s o  i t  i s  more e x a c t  t o  s a y  t h a t  w..i u s ?  d i f f e r e i l c e  acuaticns. 
Th2n,oilr r?ethod r e a d s  : Eind 3 d i f f e r e n c e  e q u a t i o n ,  nake the  i~nti;?cilioi? 
h y p o t h e s i s  t h s t  tire d i f F e r e n c c  e q r r a t i o ~  Ls i n ~ i e r i 2 u t  o.,.ier t h e  i ~ k o l i '  60.- 
ma in ,  t r y  t o  s o l v e  t h e  l i f f e r e i l c e  e q u a i  ~ i l . ,  L'p co t h i s  point, ~2 can 
s t a t e  t h a  fo i io ; , ; ing  r e s t r i c t i o n  o f  f : :fi+ d i f f e r - n c e  .-qulitinl-. i?cti,,:2.e::. 

F ,  r {x )  and f (s) a r e  c ,ons t an t  f o r  each i. 
i i + k  

SY'e say t h a t  f . ( x )  suk!sumes f .  ( 3 : )  ~.;he;l t i i p - l r  fr;!:,:tliinL.i ~:.:?rcs;;l.;.rls 
i+ L: i 

can be matched by r ieans o f  two s ~ b s t i t ~ t l ~ ) i ) . s  : i - ( \:/b(:l;:i) :j ~ ~ i - t  b ;5 
5 .  a cc~z;.ssi"iofi oE C X 2  ,z;rd C - ( I  c i? i s  zci- i u n z -  ~. I % 

tion (as :!a:tr.r. of fact- t h e r e  n r i -  r e s t r r c t l o x s  o n  ;- 1 2 i j . 



The f i r s t  one a - , . s e s  when x undergoes  s e v e r a l  d i y f e r e t r t  s u b s t i t u t i o n s  
<ir 'belongs ;ll;;i t; cfili;radictcrx~ c l a 5 - * c . : , ' '  a..irj a 

- 
hxample 1 .  The matching of (i:il;,:S(GA!:: 2;) (CONS(ChR x)NIL)) and 
(COXS (CPLrhR x )  (CONS (CAR x)  (COKS (CAZ x) :iLL) 1 ) Leads t o  t h e  stib; t i t u t i o n s  : 
(s/(CDR x ) )  , ( x / x )  ,and (NIL/ ( C O X S ( C A X  s j N T L ) )  . This  is t h e  Lype 1 con- 
t r a d i c t i o n .  
We o b t a i n  r h e  type 2 c o n t r a d i c t i o n s  when N I L  undergoes  d i f f e r e n t  s u b s t i -  
t u t i o n s  .. 
Example 2 .  Cons ider  the matching o f  (CONS (COXS (CAE x)  NIL) (COKS (C:I?, x) 
NIL) 1 and (CONS (C01!S (CAR X )  JCO?;SiCA:3P. xj (GOUS ( C j R  x )NIL) ) )  (CONS (CLIRP, x) 
(C~NS(CL~?U'S(CADR x)NTL) (COLIS(CAR X ~ P J I L )  ) ) )  . We o b t a i n  t h e  f o l l o w i n g  subs-  
t i t u t  i o n ( x / x )  , (P:TL/ (CONS (CADR x) (COSS (CAR x ) ? < I L ) ) )  from thd f i r s t  h a l f  
o f  t h e s e  e x p r e s s i o n s ,  w h i l e  the sccond h a l f  l e a d s  t o  : 
(I.;/ (CDR x ) )  , (KIL/(CONS(CO:<S(CADR x)?JIL) (COGS (CAR x)NIL,))) sn  t h a t  i;e get 
s i m u l t a n e o u s l y  c o n t r a d i c t i o ~ s  o f  type 1 and 2. 

3 *  2 + & . c e r a l i z a t $ o ~  for t h e  t j ~ e  I con i - rad ic t ion .  - Am--_ 

- 
We suppzse t h a t  we a r e  l o c k i n g  f o r  r e l a t i o n s  on a sequence i f  . I ,  1GiG n, 

1 working or, t h e  v a r i a b l e  s e t  V IJe sugpase  f u r t h e r  t h a t  each attempt of 
0 

subsumption o f  f .  t o  f produces  the sane  c o n t r a d i c t i o n s  o f  t y p e  1 
i i+k 

and t h a t  we f i n d  p c a n c r a d i e t i o n s .  

Thea wz bbiiiid .; net? sequsnce f i which rhiorks on a set V o f  p v e r i a b i e s .  
7 7  i:e i l n k  each of t h e  v a r i a b l ? . ~  o t  t h e  sequence f f i r u i t h  one of ti]; s u b s t i -  
t u t i o t t s  obtained b e f o r s .  Then, t h e  matching o f  £'  and f l  w i l l  c l e a r l y  

L SUCCEled, 
1ck 

Examp l e a 
7 We c s n s i d e r  1x.1 = { ( A ) , ( A  B C ) , ( h  B c D E )  , , , , )  iy<} = { ( A  .A A > ,  

1 L 

(Ei, A C; A ) ,  (C A E C A ) ,  (D A G E C A),.., ) 

Ye ;an write : 
f1  (XI = (CCNS (CAR XI (CONS (CAR X) ( C O S S ~ G A R  X)BIL) I 1 ,  

f Z i~)  = (CC~XS(CACP, X) (COSS(CAR ~l ( C ~ N S  ( c a ~ n e  X)  ! c o x s ( c ~ &  X ) N I L )  'r 1 )  . 
f3 (x) = (COXS ( CliDDS I) ([:OX S (CAR x) (COX3 (CADDDDR s) (COXS(CAi3DR x)  iC0XS 

(CAR x ) N l L ) ) ) ) ) ,  

f4 (x )  = (COKS(CADDDR x) (CONS (C>A x)ICOSS (CADDDD3DR x) 
(COXS (CAUDDDR x) (C04'S (ChDDK x) (CONS (CAR s) NIL) ) ) ) ) 1 . 

For each i w e  g e t  t h e  f o u r  d i f f e r e n t  s u b s t i t u t i o n s  : 
(x/ (con X) ) , ( x l x ) ,  ( x :  (cam: x ) )  , (NLL/ (CONS (CAE X)NIL) 1 .  

T h e r e f o r e ,  w e  b u i l d  f '  (x1,x,,,x3.z) w i t h  
i &. 

f; (x, . x ~ .  x ~ .  Z )  = (CONS(CSG x ) (COVS (CAP. ) (COYS(CAR x ) Z )  1) , 
1 2 3'  

r f { x l  x2 ? x Y  z j = JLONS JCADR x ) (COrJS(CAR x ) (COBS (CADDR x ) 
1 2 3 

(CONS(C6K x ) z ) ) ) )  and. s o  f o r t h .  
3 

Then the s u h s u a p t i o n  of f l ( x l  3 x 2 ? x i ~ )  t o  f i , i  ( x l  'x9 - -  ?z) s ~ c c e e d  t n r  
I 

e n c 5  i and  w e  have : 
&:A3 

f:+] ( I ; '  , x ~ ~ ~ ~ z )  = ~ ; ( ( C S K  x l j p x , .  ( C D j X  i !, (Cd:'iS(i:~'i x3)z:)). 
I - L. 3 

Tiie use  o f  thci program seTi.z~n:: i n t r o d u c e d  i.n 5 2 Leads us  t o  synt ; :cs ize  
Lhe pya;;::i~:; : 



( KIE FEASY (X) (F  X X X X NIL)) 
( CE F ( X I  X2 S3 Y Z )  (COND 
((ATOM (CDR Y)) (CONS(Cc4R X I )  (COSS (LLS I<?) (C9NS (c-IR x1) Z ) ) )  ) 
(TRUE (F (CDR XI) X2 (CDDR ~ 3 )  (CDDR Y) (COXS(Ch9 ~ 3 )  Z ) )  ) ) )  

3 . 3 . G e n e r a l i z a t i o n  f o r  t h e  t y p e  2 c o n t r a d i c t i o n ,  

T h i s  g e n e r a l i z a t i o n  r u n s  a long  t h e  same l i n e s  t h a n  t h e  p r e c e d i n g ,  a n  
example will be t h e  b e s t  way t o  e x p l a i n  how i t  works.  
Examp 1 e  , 
L e t  { x i j  = {(A), (A B), (A B C),(A B C D) ,. . .) and {f(:<.)j = { ( ( A ) A ) ,  

1 

( ( A  B A ) B ( B ) A ) , ( ( A  B R c A ) C ( C  c A ) B ( c ) B ) , ( ( A  B c c B D A ) D ( D  c B D A ) C  

( D  D A)C(D)C), . . .  1. 
We s e e  t h a t  f ( x I )  and f ( x  ) were g i v e n  under  t h e i r  t r e e  f u n c t i o n a l  ex- 
p r e s s i o n  ( i . e .  a s  f (x) an2 f 2 ( x ) )  i n  example 2 o f  § 3.1. IJe s h a l l  

1 
match f (x) and f (x). For  the sake o f  r e a d a b i l i t y  we i n d e x  by t h e  s a x  

3 - number zone o f  the W?<S t h a t  a r e  t o  be n a t c h c d ,  

f2 (x) = (CONS (CONS (CAR x)  (CONS (CADR r) (CONS2 (CAR x ) Y  IL) ) ) 
1   CONS^ (CADR X) (COP:S (CIIHS, (CADR I: NIL) ( C O ? J S ~  (CAR X I  P:IL) 1 )  ) 

ii d 

(COKS-(CADR x)(CONS(CONS(CADDR x)NIL)(COSS(CADR x ) S T I , ) ) ) ) ) ) .  
3 

We o b t a i n  t h e  s u b s t i t u t i o n s  : 
f rom CONS * (x/x> 
f rom CONS: I ( x /  (CDK s) ) and (ELI./ (COXS (CADDR x) { C O U S  

i (CAK X)  KIL) ) , 
from CONS ' ( ~ / ( C D R  x)), 
from CONS ( x /  (CDR x) ) aad ( N I L /  (CO: :S  (CADDR s )  (COSS ( C A R  x) N I L )  ) ) 

4 " from CONS-  + ( x /  (CDR x> ) a n  
3 

(XLL/  (COX2 (CGNS (CAduR x)KLL) (CONS(CAD1: x ) N I L j  ) ) . 
It i s  t h e n  c l e a r  t h a t  we need f o u r  va r i ab les  x I , x  9 z 1 9 z 2 .  F o r  example, 2 
f  (x) becomes f (xI . x2 .  z . z 2 )  = (COYS (COSS (CAR s ) (COXS (CSDK x ) (COYS 

2 2  I 
(CAR x ) z ) ) ) (CONS (CADR x2) (C,OBS (CONS (ChDR x2) z  ) (COTS (CAR x ) z ) ) ) ) . 

2 1 2  2 
For t h e  s a k e  of b r e v i t y  we s h a l l  i n d i c a t e  rahere a r e  t h e s e  v a r i a b l e s  on 
t h e  l i s t  e x p r e s s i o n ,  where the indexes  o f  the a t o m  a r e  t h o s e  of t h e  i;, 
and where ) i s  the c l o s i n g  p a r e n t h e s i s  of a NIL w h i c h  has t o  be  repiak.b;l 
by zi : 

{ f . ( x i  1 9 ~ 2 9 ~  1 2  2~ 1 ! =  i(L4 1 A I . , .  ( ( A i  S i  h 2 ) j 3 2 ( B 2 )  L 1 2 L .  
( (Al  B B C A j C (C C A )  R ( C )  B ) ,  . . . I  a s  i r  i s  easy  t o  see from 

1 2  1 2 1  2  2 L 2 1  2 2 1 2  
ehe n a t u r e  o f  t h e  s u b s t i ~ u t i o n  e a c h  variable undergoes .  
T h i s  means that we f i n d  t h e  recursion r e l n t i ~ n  : 
f i i l ( ~ l , ~ 2 , ~ j I ~ 2 )  = f - ( X  ? ( C D R  I?), g i ( r  , x 2 . z 1 ) ,  h . ( ~ ~ , z ~ , - ~  

1. 1 i L 
7' 1) 

As shor-XI i n  [ 2 1 ,  w e  i t ! ? r a t e  the p r o c ~ s s  on  h. and g, and generace  =lie 
1 

f u n c t i o n  : 
i 



( DE F ( X I  X2 Y 7.1 22 ) ( COND 
( (  ATO?.I (GDR Y )  j (COSS (CO?;S (CAR XI ) Z I ) (COiL'S (CAR X 2 )  22) ) )  
(TRUE ( F  X I  (CDR Y2)(CDR Y ) ( G  X I  X2 Y Z I ) ( H  X 2  Y Z I  22 ) ) )  ) )  
( DE G ( X I  X2 U Z) (CONU 

((ATOH (CDUR Y) ) (CONS (CADS X i  ) (COSS (CAR X 2 )  7,)) ) 
( m u a  (G (CDR x i )  xz (Gun u> z> > j > 
( DE W ( X Y ZI 22 )  (COND 
( (  ATOX (CDDR Y )  ) (CONS (CONS (CADR X ) Z l j ( COX§ (CAR 2;)  2 2 ) ) )  
( TRUE ( H (CDR S )  (CDK Y) Z I  22)) ) )  
Note t h a t  we do not b e l i e v e  t h a t  t h e r e  e x i s t s  any o t h e r  sys tem a b l e  t o  
s y n t h e s i z e  such a f u n c t i o n  f r o m  examples,  though i t  i s  indeed T J e r y  s i r ~ p l e .  

4 .  THE BOYER AKD KOORE .KLGc)RLTKY, -- 
At e a c t  i t e r a t i o n ,  t h e  algorithm i s i l l  ~ a r k  on a  fami ly  {f! ]of f u n c t i o n s -  
Each f? for e a c h  i ,  has a  s e t  o f . v a r i a b l e s  named ~ ~ ( v a r i i b l e s  l e a d i n g  

1' 
t o  a t y p e  i c o n t r a d i c t i o n )  and WJ ( v a r i a b l e s  l e a d i n g  t o  a t y p e  2 c o n t r a -  
d i c t i o n ) ,  

j j The s2quence { f , ) w i I l  he  p o i n t e d  a t  hy a function-name p o i n t e r  F . The 
i. F3 are set in a p r l e .  A t  the i n i t i a l  s t a t e ,  t h e  p i l e  c o n t a i n s  o n l y  F", 

p o i n t e r  t o  t h e  i n i t i a l  f r agments  sequznce { f o ( x ) ]  
FJ t h e  curreni-. function-narnr? wbi.ch i s  at t h e  top of t h e  p i l e .  Ve 

are going t o  try a  subsumption of f: by f: 
i + k  i 

4- 3 .  TerrnLriaL c a s e  1 --------------- 
The matching i s  p o s s i b l e  w i t h o u t  ar ly  filrthar i t e r a ~ i o r z  or neig g e n e r a l i z a -  
t i o n , .  Suppose t h a t  n i s  tb-e nunher  of x - type  v a r i a b l e s  a n d  n the number 
of  Z-type v a r i a b l e s  i n  f? Then :.:? hays  &-he r e l a t i o n :  

I 
E;*~(X~ 3 6 2 , .  . .,I .ZI 9 .  @ 3 n zn! = 

J A ( x ~ ~ . . . , x ~ ~ z  6 , z  f i ( b l ( ~ < l ) , e ~ m 3 b n ( ~ n ) ~ ~ , l ( ~ ~  ~ * a a ? x  2 
q- 1 1 n V  

a (x . . . i~ z i , .  - .  I ~ m . l >  * z q i l .  - .  ,zm) n I 11 

wheke A and hq a r e  c o n s t a n t  e x p r e s s i o n s  o b t a i n e d  by compos i t ion  o f  
COWS, CAR and CDR and where b are c o n s t a n t  compos i t ions  of CAR and CD4+ 

. P  
This s o l v e s  i-he prnbl~m for ?'- h e c n r ~ s e  t h i s  re1 n t  ion et-clb;..~ us t o  i n z t a p -  
c i a t e  t h e  v a r i a b l e s  o f  t h e  scheme : 

I f  p (y) Then f J  (x 
I 

. . . '  x 3 ~ 1 y . . . 9 ~  ) Else,,. 
n m 

4 * 2  Terminal  c a s e  2  

Th2 matching i s  p o s s i b l e  by ineans of  ne;.: g e n e r a l i z a t i o r ~  and ;he s u b s t i t u -  
t i o n s  l e a d i n g  to a new z are c o n s t a n t  f o r  each i. 
lie s h a l l  n o t  w r i t e  do:m 'the e s ~ l i z - i t  terms because t h s y  b2cone r e a l l y  
cumbersoae he:ause two cases czn b a ~ ~ e n ,  

I .  E l s e  - w e  have t o  i n t r o d u ~ e  r e v  variabl-es, t h e n  

f z - z hes to be r - r i t t e n  as : rn 



2. Else - We suppress some variables introduced during the precc- 
ding iteration of the algorithm (for example, in F2Z,  H is a function 
of x only), Anyway, we usc the same program scherw than in 4.1, 

2 
with c he appropriate number of variables. 

4 . 3 .  General case. 
----------....- 

In this case, for each i, we match f? with a subtrei of £itk. This 
induces one new problem t o  solve for the un-matched subtree w l ~ h  is at 
the left of the placi? fq Soes. Besides, this induces rn neii problem 
for each z , 12( q <m,'that appears during the matching and sucit 

9 that the substitution 
( z .  /h. (x ,x , z j 9 . * * , z  ) )  depends on i. We write these substitutions 

rn 
as (z./f, (xl,. . . , X  n 9 ~ 1 p ,  .'z > ) ,  2 G C i  Q (mi-I). 

3 1 n 
The first induced sub-problem is given the name : 

F(~""~' and the others t!is name : 

F (mi. l1j.q 2 < q C i m + l .  

3 We unpile F and apply the following scheae : 

j F (x19+..?x 9 y . z l p . . . 9 ~  ) + 
1; rri 

If p (y) Then f' (s, , . . .x 
I I I ~ ~ ~ ~ ~ ~ ~  

, Z  1 Else ,, , 
j 

IT! 

If p k ( y )  Then fk(xi ' .  . . ,xn2 z l .  . . z ) Else 
m 

y (m+~>j-tl ( x ~ . ~ * .  ~ x ~ , Y ~ z ~  . - - - ' z  9~'(bl(~1) 3.. e3bn(\)9bo(~)e 
9- 1 

P' 
(m+l]j+2 ( x l p l s r I x  9 y 2 z 1 3 s - a , z m ) 3 e * a 9 F  (r;tl)jt(m+I> 

(x,, ... n 9 ~ n 9 y I  
z i l ' .  .:zm))' z q + i 9 a m  - 9 z  1 %  m 

(m+ 1 ) j 3-q 
Then F , I < q < mm+ l , are added to t h e  pile, 

It is clear that, as it is described, this algorithm stops afcsr a finite 
numbs; of iterations only If the initial sequence of examples increases 
like a pnlynu~a 1 2 1 ,  

5, ABOiJT A. CO:iTER-EXAPIPLG, 

5.1. Description of the counter-exanxLe_, .............................. 
Let i x . ' ~  = ( h ) , ( A  B),(A B 61, (A R C D),,,.) and 

1 

1 = (A),(K 81, (A E B ) , ( A  B B B C),(A B B A 3 A) ,.... 
One way to obtain !Yi} is to consider the limit word gsneratcd by the 
gram.ar S +A, A +XE, B +HA and to link an x. of length k i~ith the 

1 k first letters of this (infinite) word. 

If we try to apply our method, we get at once : 

f i + l  
( x , z>  = f.(x,h,(x,z)) and {h,(x) = ((B),(B),(A),(B), ...) 

L I 1 

Kow, we iterate t he  nlethod on h~ and are unaSle to f i ~ d  a constant dif- 
ference betiareen h. (x) anc! h (x)l  for any li ,  Our c ,z thoJ  is u-,able to solvti 

L i+!i 

ih i - s  p r o b l e m ,  but ice u r g e  the reader to use his hurLrn  intuition (rather 
CharL au nl..?thc?d) and he will ~:eadily find that h. (1.;) is linkeC r.,~i~h h . (x) 2 r 
and (x) : there is no constant inrerval of1 x, k x on which we find 
a difference* 



L e t  us  t h e n  t h i n k  a g a i n  t o  o u r  ana logy  w i t h  t h e  d i f f r e n t i a l  e q u a t i o n s *  
The f a c t  t h a t  we cannot  f i n d  a  c o n s t a n t  Ax on  which ciz cou ld  f i n d  a 
d i f f e r e n c e  i s  i n t { r i t i v e l y  e r ? ~ i v a l e n t  t o  t h e  c a s e  o f  a  f u n c t i o n  on 2 
which i s  nowhere d e r i v a b l e .  These f u n c t i o n s  indeed  e x i s t  [ 3 ] but  arri. 
t r u l y  far from any a u t o m a t i c  p r o v e r  o r  s y n t h e s i z e r  ! 

5 . 2 .  &-_c_o_~~_tg~-~gunt~~-~xa_mp~e_. 
KeverEhLess, if t h e  a b o v e  granmnr i s  g iven  w i t h  i t s  f u l l  inf : l rmat icn 
a t  e a c h  s t e p ,  t h e n  on t h e  same domain, i y . )  = ( ( A ) ,  ( A  B ) ,  ( A  E K 1 j ,  
( A  B u A B A A B), (A  B E A B A A B B A A'B A B B A ) ,  ... 1 

and a f u t u r e  ic :plementat ion ( n o t  yet r ~ a i i z z d )  of o u r  sys tem s h a l i  
f i n d  t h e  r e c u r s i v e  program : 

(DE FGOUSP(X) ( F  X X N I L ) )  
(DE F ( X  u Z) (COXD 
((ATor,r(can Y)) (CONS (CAR x )z ) )  
(TRUE(F X(CDR Y) (H x Y Z )  ) )  ) ) 
(DE B(X Y Z) (COXD 
( (ATo>i(cnDs u) > ( c o ; ~  (CADR X) Z )  ) 
(TRUE (H x (CDK Y) CF x (CDDR y) Z) ) ) ) ) . 

5 . 3 + k e  A s y n t h e s i s  sys tem u s i n g  t h i s  a l g o r i t h m  i s  compie tc iy  i ~ p l e -  
n e n t e d  (except- f o r t h e  e x p a n e n t i a l  i n c r e a s i n g  f u n c t i o n  a s  'n S 5 . 2  ) 
in L I S P  1.5,  

5.3.2. The examples might wen t o o  compl ica ted .  ILTe c o u l d  o f  coclrse 
h a n d l e  rnuch s i m p l e r  exam2ies bur t h e y  would n o t  demons t ra te  t h ?  fill!  
power o f  t h e  sys tem.  

5 .3 .3 .  T h i s  paper  i s  a  wide e x t e n s i o n  o f  SUi.3,EES b l e t l i s b l o ~ y  [ 4 - 
I h e  methods used by o t h e r  a u t h o r s  i n  program s y n t h e s i s  from e r t a n ~ l e s  
a r e  e n t i r e l y  d i f f e r e n t  (and,  t h e r e f o r e ,  n o t  c i t e d  h e r e ) .  
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Abstract 

With selected examples we i l l us t r a t e  some useful appl ications of theo- 

rem proving, which have been considered during the l a s t  few years,  and 
show, a t  the same time, the d i f f i cu l t i e s  which have ar i sen ,  We aim a t  

some kind of ""hnch'Yanguage t o  guide in the generation of clauses,  
This' paper i s  a short  account of an unpublished manuscript by the same 
authors, 

Descri pti ve t e r m s  in terac t i  ve theorem provi ng, choice s t rategy,  e d i t  

strategy , answer extrac t i  on, appl i cation of theorem 

provi ng, expt ora tory use, proof checki ng, program 

veri f i ca t i  on, predi ca t e  l ogi c programmi ng , 

En order tha t  this  paper be self-contained, we present a short  outline 

of the main features o f  PROVER,  the Stanford interact ive theorem prover, 
An e a r l i e r  version i s  described in & A I L u  701, 

PROVER i s  a resolution-based f i r s t  order theorem proving program run- 

ning on a PBP10, The program can be s tar ted in e i ther  of two modes, au- 
tomati c or  i nteracti  ve. In  automati c mode, PROVER uses some predefined 



chaice-and edi t - s t ra teg ies ,  which depend on the input,  In interact ive 

mode, the user i s  asked f a r  choice-and edi t - s t ra teg ies  , Choi ce-s trate-  

gies specify which clauses are  t o  be resalved or paramodulated with 

each a ther ,  Edit-strategi es specify which clauses should be retained, 

and which should be deleted or  simplified.  

We now turn our at tent ion t o  the heart  of PROVER" in teract ive system, 

the control l anguage . 

PROVER has prini t i  ves fo r :  ( a ) ru le s  of inference (b)select ion o f  s t r a t e -  

gies ( c ) i  nformation and display of resul t s  (d)select ion of clauses ( e )  

manipulation of the clause l i s t .  

(a )se lc t ion  of rules of inference: The meanings of PARMODULATE and RE-  

SOLVE are standard, PARAMODULATE i s  o u r  equality substi tution ru le ,  and 

RESOLVE gives back a19 the resolvents of two clauses, There are further- 
more comands SUBSTITUTE and SIMPLIFY, The former will subst i tute  one 

term f a r  another in a clause, The l a t e r  one uses a l i s t  of equal i t ies  
t o  simplify a given s e t  of clauses,  

(b) the rules of inference in  ( a )  are used to  build u p  the s t r a t eg ie s ,  
PROVER has several CHOICE-and EDIT-strategies, Built-in CHOICE-strate- 
gies are ANCESTRY, SUPPORT, VINE, UNIT PI, MODEL and DEFMODEL, MODEL ex- 

pects an argument l i s t  which describes a binary part i t ion af the predi- 
cate symbols, while DEFMODEL can be used to  designate a LISP function 
to  define a model, Built-in EDIT-strategies are DEMODULATION and a l l  

the clause selection functions described in ( d )  + There i s  also a re- 

finement of DEPTH called SELDEPTH which allows a res t r ic t ion  on the 
nesti ng of par t icular  function symbols, More precisely the choice-, re- 
spectively the edi t -s t rategy,  can be a boolean expression of already 
described choice-, respectively ed i t - s t ra teg ies ,  TRYTIL i s  an extension 
of TRY, i , e ,  i t  has an additional argument, a LISP function which de- 
fines the termination cr i  ter ian of the proof search, 

(c)Whenever the user wishes, he can stop P R O V E R  and examine and se l ec t  
clauses,  FLOATUP and FLOATDOWN run through the clause l i s t  and display 

each clause, UP n and DOWN n move the clause pointer u p  or down by n 



clauses respectively,  60 n moves the pointer directely t o  clause n ,  
There i s  a lso a co rnad  which displays the en t i r e  deduction t ree  of a 

clause: ANCESTRYCclausel Once the (sub-) proof has been found, the 
us= has the possi bi 1 i t y  of  obtaining information about the par t icular  

term-substi tutions in  the proof by usf ng the answer extraction faci 1 i  ty .  

The answer extractor i s  based on E LuNi 711, 

(d)The basic command for  the selection of clauses i s  "FIND s e t  of clau- 
ses;  p a t t e r n ' h h e r e  pattern i s  a boolean expression consisting of the 

fa1 lowi ng primi t i  ve patterns : TREE(X) matches a l l  clauses wki ch con- 
ta in  clause X "i i t s  deduction t r ee ,  p r e e i c s t e s  l e r q t h  and d e ~ t h ,  

OCRf 1 has as argument a term or a l i t e r a l  and matches any clause 
which contains tha t  term or l i t e r a l ,  

( e )  The user can also change the clause ' l i s t ,  Primitives for  the manipu- 

lation of the clause l i s t  are commands for  adding and deleting clauses 
to/from the clause l i s t :  ADD n and DELETE n add/delete a clause with in- 

dex n to/from the clause l i s t ,  

New features added t o  PROVER are a natural mathematical inputloutput 

notation and an extended command language, The extended command language 
permits be t te r  interaction between the user and P R O V E R ,  Further refine- 
ments are ordered resolution, a farm of ordered paramodulation and a 
special f a m  of locking resolution [Sc 751, 

More detai I s  appear in later- sections in connection wi t h  appl $cat ions,  

The applications of PROVER d u r i n g  the past f ive  years can be naturally 

divided in to  two main areas 2 

1, Mathematical appl ications 
2 ,  Computer science appl icdt ions,  

In turn the mathematical applications can be subdivided as follows: 

1-1, expgaratory use of PROVER in finding proofs of recently reported 

theorems (without proofs) in group theo;-y, ternary boalean alge- 

bras, and an open problem in Tarski geometries, 



4 . 7 . t t w c k i  OLI O F  p r -uof~  repor ted  in the 1 i t ~ r a  t u r e  . 

The ~ ( ' t n p u t ~ ~  qc-ier~ce a p p l  i f , a f  i i 1 r - r ~  w p r  e 3 l cc l  twofold. 

;. 1 . f i v d i n a  f i r - s t  o rde r  puc~ofs of  ver i  f i c a  t ic in cf~rrtii t i o n s  o f  proqrv7ri i ; .  

2 , ; .  predi ca t e  1 oq i  c proqranmi nq - 8n eval ua t i on, 

Here we r0e;cribe at"cempts t i ~  r t r ~  niir thenrcrn proving proqram a s  3 rc3- 

search tool f u r  the  mathcnrs"cic~lri, No b e l i e v ~  t h a t  t he  computer c8rr b~ 8 

uscful tool i n  t he  procesr; o f  f i r j c l i n q  new rn su l t s  i n  a b ~ t r a c t  ~ a t i - l e m f ~ i r ; .  

Hence, we war~ted t o  set. how we would f a r e  on mathematical problcin.; of 

cu r ren t  i n t e r e s t  t o  roqearch workers who wertl unaided by a computing 

iriachi ne, The c r i  t e r i ~ n  o f  risefulnes; was t w o f o l d .  

1. c o u l d  we ob ta in  the  sane o r  b e t t e r  r . r ?u l t s?  

:, given that  we o b t a i n e d  a t  1 ~ ~ s t  thaj sclrrle resu: f p , ,  were ti1r3re 

any advan t d g c s  i n us i i ~ g  a cor i lp i l t r  t-? 

i , e ,  were the  r e s u l t s  obtaincd f a s t e r ,  cheaper? 

The f i t - s h e x p e r i ~ ~ e n t  wac3 undertaken d i i r i n g  the  suriimer of 1072, To show 

how mathematical k-esearch could be expedited by the  user of a theorem 

prover,  we scanned rpceot  pathematical l i t e r a t u r e  f o r  problems we 

thought could be 3i  t cx~rir~tc(i by our proqram* In t h e  i\ia"eic.es o f  t h e  fim~rl"- 

cart Mathematical Society, we found the  f o l  lowing annclr~ncement w i  tkout  

proof [Go 723  : 

Some new axiomatizat ions o f  group theory ,  a  prel iminary r e p o r t :  

kie g i v e  ax iomat isa t ions  o f  group theory and abel ian  group theory in 
terms of t h e  binary group opera t ion  f ( a , b ) = a b '  . Suppose G i s  a  f i r s t  or -  
der  theory with e q u a l i t y  and with a  binary opera t ion  syntbol f ,  whose nan- 
logica l  axioms a r e :  (GI) f j x , x j= f j y , y ) ,  jG2) f j x , f (y ,y ) )=x ,  
( G 3 )  f ( f ( x , r ) :  f ( y , z ) )= f (x ,y ) .  Then G i s  an axiomatizat ion of group 
theory i l  i s  defrned a s  the  (un ique)  element f j x , x )  and xy a s  
f ( x , f ( ~ , . y j ) l .  For abelian groups, GI, 62, G 3  a r e  replaced by: 
( A S )  f(x,f(y,a)j=f(~,f(y~x))~ ( A 2 )  f j x , f ( x , y j )=y ,  or  by t h e  s ingle  
axiom ( A )  f(f(x,yj,f(f(x,mj,y))=zZ Some o the r  s i n g l e  axioms f o r  abei ian  
groups are  ( A 8  ) f ( f ( x , f ( y , z ) )  , f ( x , y j ) = z  and  ( A ' ' )  F(x,f(y,f(z,f(x,yj)))=zZ 



Fruaf o f  t h i s  announcement ? n d  an artcns.ion o f  t i l e  r esu7 t s ,  namely, a 

t ~ r j \ u  siugle axiom character i z i  ng ahel  ian grotrps 

A 3 :  f j x , f ( f ( y 9 z )  ? f ( y l x ) , ) - z  

we1.e Pour~d w i  t h  t h e  inter a c " c i v  P aid O F  PPQVEP i ri aborlt ~7 i r ! o ~ t t - ~ .  Subse- 

~llientlv, we were able to send a copy n f  our r ~ p o r t  9r1 t h i s  ei'i,c\riment 

l o  the aut.hors o f  t h e  announcemenk ccomplek ewi t h  mar 11  i nca genera t ~ d  

pr-oofs of the! r announced resul ts  , before they thernscli ves w r o  t s t  them u p  

(pr ivate  corresporldcnce wi t h  R , H e  Gowen), 

Gompu"cw ttimes varied from 1 nstantaneous, f o r  easy proofs, t o  45 se- 

conds f a r  the hardest. The problem O F  finding proofs was l e f t  en t i r e ly  

to  the program, a n d  the correctness of the resul ts  was not k n o w n  t o  ths 

user in advance, The role nf t he  user was to  d i rec t  the proces:, o f  

checking the announced tl.ieorems by ( a )  formulatinq reaswahle problems 

and then presentinq them t o  the machine for s o l u t ~ o n ,  and ( b j  m o n i t o r i n c j  

the process ( e , g e  the program son~etimes solved another prcblern i n  the 

course o f  searching For a solution to  a given one, j 

Essentially the simplest possible method o f  using P R O V E R  waz employed:  

assmptions and theorem t o  be proved were input t o  the prqgram from an 

on-line-console; a very elementary selection of  efficiency s t ra teg ies  

was employed, in most cases merely set-of-support and some reasonable 

bounds on the complexity of deductions (usually called clauses) tha t  

were retained in memory, The only real interact ive help given b y  the 

user in  proving any of the resu l t s  was the choice af a s e t  of  previous 

resu l t s  or "Iemmas'Yo be used in simp7 i fyi ng deductions (demodulation 

l i s t ) ,  

The program keeps on1 y the simpl i f i  e d  form o f  f t s  deductions , For eram- 

ple ,  suppose a deduction such as (1) f ( y , f ( x , x j ) = y  occurred during a 
proof search, and ( 2 )  f ( x , x j = l  was already derived, I t  i s  easy t o  see 

t h a t  (1) reduces t o  ( 3 )  f ( y , l ) = y  under simplifying substi tution u s i n g  

(2), so tha t  i f  the user f e l t  tha t  no useful deductions were l i k e l y  t c  

be generated by using substi tution instances of ( 3 )  such as (I), he 
placed ( 2 )  on the simplification 1 i s t ,  The program could then simpl i fy 

(1) down t o  ( 3 )  and retain only ( 3 )  i n  memory, 
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was one of the deductions generated by the program while trying t o  show 

tha t  the axioms of abel i an group theory (i , i  i , i  i i above pl us an axiom 

s ta t ing  the conm-tivit~ of the group operation) proved AB2, Therefore, 
He only needed t o  check whe~tf?er XI implied any of AB1 through A84, i t .1  

order to  demonstrate tha t  i t  a lso was an abelian characterization, 

The s t rategy used to  se l ec t  possible new candidates fo r  abeiian group 

characterizations consisted in select ing those clauses generated by 

PROVER t ha t  had three or more d i f fe rent  variables on the l e f t  side of 

the equation and a single variable on the r ight  side EMo 731 

Encouraged by t h i s  experiment we decided to  tackle a harder problem: 

pushing the program to find the answer t o  an open mathematical problem 

in subtheories of Tarski Geometry [Tar 511. We were unable t o  solve the 

problem, b u t  did derive interest ing "part ia l  solutions" 

Further interest ing experiments, resul ts  and open problems in th i s  area 
can be found i n  ELMS 761, 

4 

1 , 2  PROOF C H E C K I N G  

Another important application of theorem proving i s  the checki ng of ma- 

thematical proofs wherever they come from - automatic generated proofs 
from other theorem provers; hand simulated proofs as they are often 

used in  papers about theorem proving; proofs in  mathematical papers, 
whish sometimes forget t o  s t a t e  used lemmas exp l i c i t l y ,  e t c ,  

I n  the fallowing we will show one example and the features of P R O V E R  

which were used t o  verify i t ,  

The Ti r s t  example we verified was a, hand simulated proof by Henschen 
and Was [HeWo 741, of the theorem: I f  a subgroup W has index 2 ,  then d t 
i s  normal , 4 subproofs were perfomed, the 1 ongest e f  which i s  17 binary 
resolutions long, 



The original s e t  of clauses,  not being a Horn s e t  i s  renamed and s p l i t ,  

After t h a t  several Horn subsets are  obtained, All of these must be pro- 

ven inconsistent t o  show t h a t  the original s e t  of clauses i s  incon- 

s i s t e n t ,  

For example: i f  the original unsat isf iable  s e t  i s  S U P(X,Y)vQ(X,Z) 

then upon s p l i t t i n g  i t  the following two subsets r e su l t :  S U P ( X , V )  and 

S U Q(X,Z),  O f  course there are also other possible s p l i t t i n g s ,  Both 
subsets are now inconsistent and care must be taken tha t  the common va- 

r iab les ,  in our example X ,  have same subst i tut ions in both refutat ions,  

These are  then refuted using a special s t rategy for  Horn s e t s :  posit ive 

uni t  resolution. After repeated s p l i t t i n g  of the original s e t ,  we ob- 
ta in 6 subproblems, The p r o o f s  are easy t o  o b t a i n ,  SQXSTITUTE 

t u r n e d  out Lo b e  uepp u s e f u l ,  a S P E I T  ea nd would be 

needed, 

2,l PROGR,W VERIFICATION 

The f i r s t  computer science application of PRCVER was in the automatic 

veri f i c a t i  an of p-ograms, Mi thin the theoreti  cal framework of a Hoare- 

type logic for  a subset of the programming language Pascal CHoare 721, 

[ILL 751, we were able to  prove properties o f  many simple programs, in- 
cluding the ordered correctness of a large s e t  of sorting algorithms, 

The s o f t ~ a r e  bas! s of the ver if icat ion project supparteaby %an ford 3 
Art i f ic ia l  Intel  1 igence Laboratory consi s t s  of VERIFY, an automatic ve- 

r i  Picati an condition generator and simp1 i f i  e r  for  PASCAL E ILL 751, 
[Suz 751, The verif icat ion process began by submitting a PASCAL pro- 
gram, say INTERCHANGE-sort [King 693,  with inductive assertions to  VE- 

RIFY, This program would then generate a s e t  of f i r s t  order ver if ica-  
t ion condi t i  ons , 

T h e r ~  a r e  a t r eas t  two ways of using PROVER for  program verifica"con, The 

f i r s t ,  and harder, i s  to  feed the verif icat ion conditions imedeately to  

a theorem prover, The other way o f  finding ecmputer assis ted proofs of 

ver if icat ion condi t ions has been explored by EHeLu 751 and CLuSur763. 
By using a subgoaling mechanism and a judicious choice of lemmas, they 



are able t o  f ind f a s t e r  proofs than by using PROVER, However, PROVER 

has been most valuable in demonstrating tha t  the lemmas can be derived 

from a standard f i r s t  arder axiamati zation, 

In the Fallowing we i l l u s t r a t e  the f i r s t  way, 

After some preprocessi ng, these verif icat ion conditions would in turn 
be fed t o  PROVER together with a s e t  of axioms tha t  characterized the 

a rdered properties of the underlying mathematical s t ructure.  

The ve r i f i e r  takes as input a Pascal program, in our case t h i s  being 
the sort ing routine INTERCHANGE,  taken from [King 631, together w i t h  

the inductive asser t ions,  This program so r t s  by successively finding the 

largest  element af an array A,  

The output af the ver if icat ion condition generator was 6 v e r i f k c t i o n  

conditions. As an exame we give the th i rd  one: 

Each of the ver if icat ian candi t ions underwent propasi t iana? simp1 i f i c a -  

tion before being used as input f a r  PROVER, 

Most bar& not a"f of the proof was found in automatic made. Far lack of 
space we da not  give the de ta i l s  and proofs, b u t  re fer  the interested 
reader to  $ LMS 76 1 ,  

Dl" seussiorn 

The main conclusion obtained from these and other experiments in fLMS 761 

was the a b i l i t y  t o  derive the ordered correctness of a collection of sor- 



ting algorithms itlritten in Pascal from a relatively small number o f  a- 

I-i thmetical axioms, We be1 ieve that a uni form theorem prover is very 

useful for the formal verification of simple lemmas employed i r ;  proving 

origl nal verification condition, 

2 . 2  PREDICATE LOGIC PWOGRArlFTI NG 

4s has been pointed out by different authors, the equivalence of deduc- 

tion and ccrnpbtation has been known to logicians for a Song time. See 
- - 7  for example I K 1  ~ L J .  

En rpis last couple of years several papers on predicate logic program- 

rr"g nale appeared in the literature. See for exan.pie [ B i  751, CBFS 771, 
CCoS 'Zj, [hayes 731, [Ko 74a3, [KO 7463, [Mi 7 5 1 ,  [ T a  75a1, [ T a  75bl. 

".hear-en prover cari be used in t i ~ o  ways: Given a decription of the pro- 

~7er;; " cca be dsed to help estabiisn an "equivalent and better descrip- 

tion" of the problem, This "equi valent 2nd Setter description'han ei ther 

be transfcr~ed irto a prcgram in, e.g. Pascal, or, given input data, it 
,an 5 e  d5rectlj ekecuted by a theorem prover (this being the second way), 

I n  t r f  s gaper we are ovl:; concerned with t3e second way, i , e ,  using a 
theorem prover as an intergreter, In [LMS 761 we tried PROVER on several 
pragrars and anzlysed its behaviour, 

?es,l ts \ + i t k  FRCYEZ have shown that our current ""hunch" "language is too 

&eak tc fiefinitsly improve ;De proof search in the area of predicate 

logic ppcgraw~ing. In cLr opinion control structures o f  a programming 

' a n ~ ~ a g e  n i g b t  be use"~1 as elements of a hunch language for PROVER, 

Zecsuse we do n o t  have z~;) theoretical result (even for practical and 
( 8  4 

s ~ 2 i ;  zrsblers; w r i c ~  sbows t h a t  fnere is no good uniform proof procedure, 
AF:  ~ 3 -  I;?,';{ Sv;e cur cUrre?C ccn:ectzre: 

If 3rae n i s ~ e s  x 3 s e  predycate log" as a practical prcgramming Sangbag@, 
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A QUASI-PARALLEL G (  i J T O U K  F(Z l I .LOWING ALGORITHN 
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1111 Budayest, Kende u, 13/17. Hungary 

abstract 

A procedure for extracting the contour lines and arcs 
from digitized T V  pictures is described, Initially the 
picture is subjected to an edge detection operation resuit- 
ing in short edge-line pieces /strokes/, The bifurcation 
points /corners/ of the c o n t ~ u r s  are detected based on the 
variances of the angles of the strokes, 

Mathematical criteria are stated on the arrays of 
strokes /streaks/ to be found among the corners in order to 
approximate the contours optimally. An algorithm is given 
which finds the streaks satisfying these criteria, 

Any number of processors can work simultaneously in 
performing the algorithmsi therefore the algorithm is called 
quasi-parallel, 

Key words: Picture processing, Contour following, Corner 
finding, Minimal cost path, Parallel algorithms, 

1 ,  Introduction 

The results to be reported are details of an intelligent 
hand-eye system which recognizes and assembles industrial 
objects /V&mos, 1977/. The surfaces of the objects are 
homogeneous and surrounded by Line and arc pieces, This papgr 
presents an algorithm which provides these contour lines 
from a digitized T V  picture* The result is a sight graph in 
the fcllowing sense: 
Definition: A ' - is a planar drawing. Its nodes are 

points in the plane and its edges are lines and arcs 
between the nodes, 

E111ptic arcs are approximated by several circular arcs in 
the siyht graph- 

The sight graph supplies the input of a heuristic gram- 
matical recognition procedure /Gallo, 1975/, 

The basic element is a, stroke, A stroke is an optimally 
fitted line segment found in a window of the noisy picture, 
A stroke generating algorithm is used in the course of our 
contour following, This algorithm provides the strokes in a 
window of the picture and a number between 0 and 1 as a 
measure of the quality of the fitting, An effective local 



v i s u a l  o p e r a t o r  w a s  d e s c r i b e d  b y  ~ u e c k e l  /1971/ a n d  a  
s i m p l i f i e d  a n d  f a s t  v e r s i o n  o f  i t  w a s  r e p o r t e d  b y  M k r d - ~ a c s y  
/1975/, 

T h e  m a i n  t a s k  i s  t o  d e t e r m i n e  t h e  n o d e s  o f  t h e  s i g h t .  
g r a p h  a n d  t o  f i n d  s e q u e n c e s  o f  s t r o k e s  w h j c h  h a v e  3 1 1  

o p t i m a l  fit with the c o n t o u r  l i n e s  o f  t h e  o b j e c t s .  T h e f i e  
s e q u e n c e s  o f  s t r o k e s  a r e  c a l l e d  s t r e a k s .  

T h e  s t r o k e s  a r e  g e n e r a t e d  i n  p r e - d e t e r m i ~ l ~ d  wj n d o w s  
r n d e p e n d e n t l y  t h u s  a n y  n u m b e r  o f  p r o c e q s c r s  c ? n  w o r k  s r m u l -  
t a n e o u s l y  r n  g e n e r a t i n g  t h e  s t r e a k s .  " 1 1 ~  f u r L h e r  ~ l u e r ~  + r t r i l c  

a r e  a l s c  c c r ? c t r l i i - t e d  s o  ' _ h a t  a n y  pr. L t ~ c c i r  , o u I - !  ~ J ( J L  k 

s l m u l t a n 2 o u s l y  o n  t h e m i  t h e r e r o r e  t h e  algorithm r q  c a l l p J  
quasi-2arallel- 

A n o t h e r  s t r e a k  g e n e r a t i n g  a l g o r i t h m  w a s  r e p o r t e d  k ~ y  
Rarner  /1975/. T h i s  a l g o r i t h m  a l s o  w o r k s  w i t h  q u a s i - p a ~ ~ a l l e ?  
g e n e r a t e d  s t r o k e s ,  b u t  i t s  a i m  w a s  n o t  t o  p r o d u c e  a  s i g h t  
g r a ~ h  b u t  l o n g  s t r e a k s  a t  m i n i m a l  r o s t .  

A c o r r l e r  f i n d i i l g  a l g o r i t h m  i s  d e s c r i b e d  i n  y 2., w h i c h  
f i n d s  t h e  n o d e s  o f  t h e  s i g i l t  g r a p h  o f  d e g r e e  3 o r  m o r e ,  
u s i n g  t h e  s t r e a k s ,  A s o r n e b ~ h a t  s i m i l a r  a l g o r i t h m  -as 
d e s c r i b e d  by P e r k i n s  a n d  B j n f o r d  /1973/ b u t  t h e y  w ~ r e  
s e a r c h i n g  c o r n e r s  o f  a  g i v e n  t y p e ,  

2 ,  A c o r n e a - f i n d i n g  a l g o r i t h m  --- 
L e t  t h e  input p i c t u r e  b e  c o v e r - d  b y  w i n d o w s  ( 3 f  k x  k 

p i c t u r e  p o i n t s ,  e a c h  o v e r l a p p i n g  i t s  n e i g h b o u r  w i t h  171 p o i r i t s  
i n  common ,  a n d  l e t  t h e  s t r o k e  g e n e r a t i n g  a l - g o r i t h m  b e  e x e -  
c u t e d  i n  e v e r y  r c i n d o w ,  T h e  s t r o k e  m a t r i x  a n d  t h e  w e i g h t  
m a t r i x  a r e  nbw d e f i n e d  a s  fcyLLows: L e t  t h e  j - t l i  e l e m e n t  o f  
t h e  i - t h  roiv: o f  t h e  s t r o k e  m a t r i x  be t h e  a n g l e  o f  t h e  s t r o k e  
l o u n d  i n  t h e  j - t h  w i n d o w  o f  t h e  i - t h  r o w  o f  w i n d o ~ \ ~ s ,  I f  nc 
s t r c k e  w e r e  f o u n d  i n  t h a t  ~ " ~ i n d o w ,  a s p e c i a l  s i g n  s k i o u l d  b~ 
p u t  i n  t h a t  p l a c e  o f  t h e  s t r o k e  m a t r i x ,  T h e  c o r r e s p o n d i n g  
e l e m e n t  o f  t h e  w e i g h t  m a t r i x  i s  t h e  w e i g h t  v a l u e  W o f  t h a k .  
s t r o k e .  

T h e  c o r n e r - f i n d i n g  a l g z r i t h m  i s  b a s e d  o n  t h e  f o l 1 , o w i n y  
c o n s i d e r a t i o n s :  i f  a t  a  p o i n t  / x  , y o /  m o r e  h o m o g e n o u s  r e -  
g i o n s  a r e  j o i n i n g  / i  . e ,  t h e  s i g h ?  g r a p h  h a s  a  n ~ d e  cf d e g r e e  
3 o r  m o r e  a t  t h i s  p o i n t /  t h e n  i n  s o n + ?  n e i g h b o u r h o o d  U o f  

0 

/ x o  ! Y o (  
t a k i n g  a n  a r b i t r a r y  s t r a i g h t  l i n e  e  c r ( : s s i n g  

t h e  p o r n t  /x , y o /  e i t h e r  t h e  v a . r i a n c e  o f  t h o s e  s t r o k e s  which 
a r e  i n  U a n 8  a b c v e  t h e  L i n e  e o r  t h e  v a r i a n c e  o f  t h c s e  

0 
b e 1 . o ~  e  c a n n o t  b e  z e r o .  L ~ e i r  S - / x Q , y o /  d e n c t e  t h e  l a r g e r  

e  
o f  t h e s e  twc v a l u e s -  I f  / x  r y - o /  I S  a c o r n e r  p o i n t  t h e n  t h e  

r;! 
r e l a t i o n  S / x  , = m i n  {S , x  ,r / @ w i l l  h o l d .  F u r t h e r -  

o  e e o o  
m c r e ,  t h e  f u n c t i o n  S /x , -$ /  a s  d e f i n e d  a b o v e  h a s  , l o c a l  
max imum a t  t h e  c o r n e r  p o i n t  Ax , y o / .  T h u s  c o r n e r  p o i n t s  
a r e  f o u n d  bl- c a l c u l a t i n g  S / x f y Y  a n d  l o c a t i n g  t h e  l o c a l  m i n i m a .  

T h e  n o t i o n  o f  v a r i a n c e  i n  t h e  p r e c e d i n g  t r a i n  o f  
t h o u u ! ~ t  n e e d s  s o m e  m o r e  c l a x - i - f i c a t i o n ,  f o r  t h e  a n g l e s  t u r n  
o u t  t o  b e  p e r i o d i c a l  w i t h  a  p e r i o d e  o f  % . T h e r e f o r e  t h e  
nui i tber  G l w i l l  b e  c o n s i d e r e d  t h e  v a r i a n c e  o f  t h e  a n g l e s  
s q . . , ,  s j - i 5 z  

t 
h o l d s  w h e r e  d e n o t e s  t h e  

d i f f e r e n c e  b e t ~ w e e n  t h e  a n g l e s  mod aT: . In t h e  c a s e  cf r e a l  



n u m b e r s  t h i s  d e f i n i t i o n  i s  e q u i v a l e n t  w i t h  t h e  o r i g i n a l  
d e f i n i t i o n  o f  v a r i a n c e ,  

3 ,  The  m a t h e m a t i c a l  c r i t e r i a  o n  t h e  s t r e a k s  

S u p p o s e ,  f o r  t h e  moment t h a t  t h e  c o r n e r  f i n d i n g  a l g o -  
r i t h m  has p r o d u c e d  a l l  t h e  n o d e s  o f  t h e  s i g h t  g r a p h  o f  
d e g r e e  3 o r  m o r e ,  The t r u t h  o f  t h i s  w i l l  b e  e x a m i n e d  
l a t e r  a n d  t h e  c a s e s  o f  e r r o r s  w i l l  b e  t r e a t e d  t h e r e ,  t o o .  
Now t h e  s t r o k e  m a t r i x  a n d  t h e  w e i g h t  m a t r i x  d e r i v e d  f r o m  
t h e  i n p u t  p i c t u r e  a r e  g i v e n  a n d  some o f  t h e  s t r o k e s  a r e  
m a r k e d  a s  c o r n e r s ,  

The o r i g i n a l  w e i g h t  v a l u e s  W h e a s u r i n g  t h e  g o o d n e s s  
o f  t h e  f i t t i n g  o f  t h e  s t r o k e s  a r e  t r a n s f o r m e d  b e t w e e n  

a n d  /c. 4 E,/  s o  t h a t  W =  E,+  ( B ~ - E A ) ( A - W ' )  

The c o n d i t i o n  Y O  i s  n e c e s s a r y  b e c a u s e  t h e  s t r e a k s  a r e  
t o  b e  a s s e m b l e d  k o r  t h e  s h o r t e s t  p a t h s  o f  s t r o k e s  / i n  some 
s e n s e  t o  b e  d e f i n e d  l a t a r / ,  The  r a t i o  o f  g1  a n d  6 ,  w i l l  

,A 

e x p r e s s  how much t h e  s h o r t n e s s  o f  t h e  p a t h  v e r s u s  t h e  
g o o d n e s s  of  t h e  s t r o k e s  c o n s t i t u t i n g  t h e  s t r e a k  s h o u l d  b e  
t a k e n  i n t o  c o n s i d e r a t i o n  w h e n  t h e  s t r e a k s  a r e  b e i n g  
a s s e m b l e d .  

Some d e n o t a t i o n s  will b e  i n t r c d u c e d .  L e t  G b e  a  g r a p h  
a n d  L e t  t h e  n o d e s  o f  t h e  g x a p h  be t h o s e  e l e m e n t s  o f  t h e  
s t r o k e  m a t r i x  w h e r e  a s t r o k e  was f o u n d ,  Lec t h e  e d g e s  o f  
G b e  among t h o s e  n o d e s  w h i c h  6 x 2  n e i g h b o u r i n g  i n  t h e  s t r ~ k e  
m a t r i x ,  i - e , .  w h i c h  h a v e  o r i g i n a t e d  f r o m  o v e r l a p p i n g  

w i n d o w s ,  L e t  P 2 . . . '  pN d e n o t e  t h e  n o d e s  o f  G ,  a n d  
d1 f .  " .  erCc d e n o t e  t h o s e  o f  t hem w h i c h  a r e  m a r k e d  a s  

c o r n e r s .  The  w e i g h t  v a l u e  W i s  a s s i g n e d  t o  e v e r y  n o d e  13. 

B e f o r e  s t a t i n g  t h e  c r i t e r i a  v ~ h i c h  s h o u l d  b e  s a t i s f i e d  
b y  t h e  s t r e a k s  we n e e d  some more  d e f i n i t i o n s ,  
D e f i n i t i o n :  T h e  c a s t  o f  a p a t h  U= / f3 P 2 t - - e p  pnX i n  G 

i s  d e f i n e d  a s  c / U /  = W +,,.t W The 
bJ2 P n - 1  

c o s t  o f  t h e  m i n i m a l  c o s t  p a t h  b e t w e e n  a n d  

p 2  i n  G i s  d e n o t e d  by  K/ PI f3 2is 

D e f r n - ! : i o n :  L e t  a n d  cd b e  two c o r n e r  p n l n t s  i n  G s o  t h a t  - i 

be a p a t h  b e t w e e n  & a n d  N i ,  T h e  p o i n t s  a n d  
1 Prn+ 1 &re 

i m 
c a l l e d  t h e  m ~ d ~ o i n l s  o f  U if 5 +,  , , + W  h w + . .+W 

f-5 ?2-? %+I @R 

 LID^ Ui +.  . . +W 3 W, + , ,  h o l d s ,  
PI @ m m+2 f in  



D e f i n i t i o n :  Twc p a t h s  U a n d  V i n  G else c a l l e d  equivalent 15 
t h e r e  e x i s t  p a t h s  U = U , U  I " e  ".U U = V i n  G s u c h  

o  n-  I' n  
t h a t  f o r  e v e r y  0 C i < n  c / U i / = c / U i T 1 /  a n d  U a n d  . j i+l  

A i 

h a v e  a common m i d ? o i n t ,  

C l e a r l y  a n  e q u i v a l e n c e  r e l a t i c n  i s  d e f i n e d  among t h e  p a t h s ,  

Now we c a n  s t a t e  t h e  c r i t e r i a  t o  b e  s a t i s f i e d  b y  t h e  s t rea:s :s .  
C r i t e r i o n  a/ A s t r e a k  i s  a p a t h  i n  G b e t w e e n  t w o  c o r n e r  points, 

F o r  a s t r e a k  / z d i , P l , ,  . , t%n ,d , j ,  f o r  e v e r y  l 6 s  & n  
2 

n u s  t h o l d ,  
T h r s  c r i t ~ r r o n  s a y s  t h a t  a s t r e a k  m & s t  n o t  p a s s  n e a r  t o  a  
c o r n e r  o t h e r  t h a n  rts e n d s ,  E - G ,  on  Fig, 1, the c o r n e r s &  1 
a n d d  o b v r o u s l y  s h o u l d  n o t  b e  c o n n e c t e d  b y  a s t r e a k , h o w e v e r  

3 
t h e  m i n i m a l  c o s t  p a t h  b e t w e e n  them d o e s  n o t  c o n t a i n s (  
C r i t e r i o n  b/ Exor e v e r y  l % s 4 n  

2 "  
-, 

/ M ~ , ; s ~ / ~  / = min + .  . . w ).@ + ... +W 1 
PI p s - ~ ~  P s + 1  ' n  

m u s t  h o l d ,  
T h i s  c r r t e r ~ o n  e x c l u d e s  t h e  c a s e  t h a t  f r o m  a n y  p o i n t  o f  t h e  
p a t h  r t  c o ~ a l d  . b e  c o m p l e t e d  ""less e x p e n s i v e l y ' "  i i , e m  t h e  
s t r e a k s  s h o u l d  f a l l o w  t h e  c o n t o u r  l i n e s  o p t i m a l l y ,  
C r i t e r ~ o n  c /  F o r  t h e  m i d p o i n t  (3 

/ - 

m u s t  h o l d  a n d  o n e  o f  t h e  m i n i m a l  c o s t  p a t h s  f r o m  pm 
t o  ~ m u s t  p a s s  t h r o u g h  f3 The  same s h o u l d  h o l d  

j m+l " 

f o r  t h e  m i d p o i n t  f3 i f  m a n d  m+l a n d  i a n d  j a r e  
m+l 

i n t e r c h a n g e d ,  

T h i s  c r i t e r i o n  c o m p l e t e s  c r i t e r i o n  b/ w h i c h  d o e s  n o t  f o r c e  
t h e  s t r e a k  t o  b e  o f  m i n i m a l  c o s t  a t  t h e  m i d p o i n t s ,  E - G ,  on 
F i g .  2 .  t h e  p a t h  t h r o u g h  @ a n d  Pmil s a t i s f i e s  b / , b o w e v e r  
t h e  p a t h  t h r o u g h  %- may b e  o?! L e s s  c o s t ,  

C r i t e r i o n  d /  From e v e r y  c l a s s  o f  e q u i v a l e n c e  o f  t h e  p a t h s  
w h l c h  c o n t a i n  p a t h s  s a t i s f y i n g  a / , b / , c / ,  p r e c i s e l y  
o n e  p a t h  s h o u l d  b e  c h o s e n  a s  a s t r e a k ,  

T r i s  c r i t e r i a n  w a r r a n t s  t h a t  e v e r y  c o n t o u r  l i n e  s h o u l d  b e  
f i , l o w e d  b y  s t r e a k s  a n d  t h a k  a l l  o f  t hem s h o u l d  b e  f o l l o w e d  
b y  o n l y  o n e  s t r e a k ,  



The a l g o r i t h m  a s s e m b l i n g  t h e  s t r o k e s  i n t o  s t r e a k s  
c r e a t e s  a k i n d  o f  p o t e n t i a l  f i e l d  a r o u n d  t h e  c o r n e r  p o i n t s  
g r a d e d  b y  t h e  w e i g h t  v a l u e s  o f  t h e  s t r o k e s ,  The  m i d p o i n t s  
o f  t h e  s t r e a k s  a r e  d e t e c t e d  a t  t h e  p o i n t s  w h e r e  two p o t e n -  
t i a l s  o r i g i n a t e d  f r o m  d i f f e r e n t  c o r n e r s  a r e  m e e t i n g  a n d  t h e  
sum o f  t h e  two  p o t e n t i a l  v a l u e s  h a v e  l o c a l  m i n i m a ,  
Then  t h e  s t r e a k s  a r e  a s s e m b l e d  f o l l o w i n g  b a c k  t h e  way o f  
p r o p a g a t i n g  t h e  p o t e n t i a l  f i e l d ,  A d e t a i l e d  d e s c r i p t i r : > n  o f  
t h i s  a l g o r i t h m  a n d  t h e  p r o o f  t h a t  t h e  s t r e a k s  a s s e m b l e d  
s a t i s f y  c r i t e r i a  a /  - d /  w i l l  b e  d e s c r i b e d  i n  a  f o r t h c o m i n g  
p a p e r ,  

A s  a  r e s u l t  o f  t h i s  a l g o r i t h m  t h e  n o d e s  o f  t h e  s i g h t  
g r a p h  a r e  g i v e n  a n d  t h e  e d g e s  o f  i t  a r e  a p p r o x i m a t e d  by  a  
s e q u e n c e  o f  s t r o k e s ,  The  a s s e m b l y  o f  t h e  e d g e s  o f  t h e  s i g h t  
g r a p h  f r o m  t h e  s t r e a k s  i s  p e r f o r m e d  a s  d e s c r i b e d  i n  
/ ~ & r b - ~ g m o s ,  1 9 7 6 / ,  T h e  m a i n  i d e a  i s  t h a t  a n  a r c  i s  d e f i n e d  
i f  t h e  d i f f e r e n c e s  b e t w e e n  t h e  a n g l e s  o f  some c o n s e c u t i v e  
s t r o k e s  a r e  o f  t h e  same s i g n  , a n d  l i n e s  a r e  d e t e c t e d  i f  
t h e  d i f f e r e n c e  o f  t h e  a n g l e s  o f  c o n s e c u t i v e  s t r o k e s  i s  s m a l l ,  

U s i n g  o n l y  o n e  p r o c e s s o r  t h e  p r o d u c t i o n  o f  t h e  s i g h t  
g r a p h  f r o m  o n e  256 x 256 p o i n t s  T V  p i c t u r e  t a k e s  a b o u t  1 5  s  
on  a  1 6  b i t ,  24 6 ,  1 fils c y c l e  t i m e  m i n i c o m p u t e r .  S e r i a l  
s e c t i o n s  o f  t h e  algorithm r e q u r e  l e s s  t h a n  0 , l  s ,  t h u s  by 
u s i n g  more  p r o c e s s o r s  t h e  p r o c e s s i n g  t i m e  c a n  b e  r e d u c e d  
a l m o s t  a t  w i l l ,  

A c k n o w l e d g e m e n t  

The a u t h o r  w i s h e s  t o  t h a n k  P r o f ,  T,V$mos f o r  t h e  g r e a t  
\ 

h e l p  a n d  c o n s t r u c t i v e  r e m a r k s  d u r i n g  t h e  w r i t i n g  o f  t h i s  
p a p e r .  

R e f e r e n c e s  

V - G a l l o :  A P r o g r a m  f o r  G r a m m a t i c a l  P a t t e r n  R e c o g n i t i o n ;  4 t h  
L J C A I ,  T b i l i s i ,  USSR, 1 9 7 5 ,  6 2 8 - 6 3 4  
M , H , H u e c k e l :  An O p e r a t o r  w h i c h  L o c a t e s  E d g e s  i n  D i g i t i z e d  
P i c t u r e s ;  J e A C M  - 1 8  /?971/, 1 2 3 - 1 2 5  
A , M a r t e l l i :  Edge D e t e c t i o n  U s i n g  H e u r i s t i c  S e a r c h  M e t h o d s ;  
Comp, G r a p h ,  a n d  i n .  P r a c ,  & / 1 9 7 2 /  169-182  
L , M & ~ & ,  Z , V a s s y :  A S i m p l i f i e d  a n d  F a s t  V e r s i o n  o f  t h e  H u e c k e l  
O p e r a t o r ;  4 t h  I J G A I ,  T b i l i s i ,  USSR, 1 9 7 5 ,  650-655  
L , M ~ ~ B ,  ~ , ~ d m o s :  ~ e a l - t i m e  ~ d g e  ~ e t e c t i o n  f sing ~ o c a l  Ope- 
r a t o r s ;  3 r d  I J C P R ,  C o r o n a d o ,  C a l i f o r n i a ,  1 9 7 6 ,  31 -36  
U , M a n t a n a r i :  On t h e  O p t i m a l  D e t e c t i o n  o f  C u r v e s  i n  N o i s y  
P i c t u r e s ;  Comrn, ACM - 1 4  j1971/ 3 3 5 - 3 4 5  
W,A,Perkins,T,O,Binfordy A C o r n e r  F i n d e r  V i s u a l  F e e d b a c k ;  
Gomp, G r a p h .  a n d  I m ,  P r o c ,  2 / 1 9 7 3 /  355-376 
E,U,Rarner :  T r a n s f o r m a t i o n  a? P h o t o g r a p h i c  I m a g e s  i n t o  S t r o k e  
A r r a y s ;  IEEE T r a n s ,  C i r c ,  a n d  S y s t e m s  CAS-22 / 1 9 7 5 / ,  363 -373  
T,V&mos:  I n d u s t r i a l  O b j e c t s  a n d  M a c h i n e  P a r t  R e c o g n i t i o n ;  
C h a p t e r  1 0  i n  A p p l i c a t i o n s  o f  S y a t a c t i c  P a t t e r n  R e c o g n i t i o n  
/ ~ d ,  K , S , F u / ,  S p r i n g e r ,  H e i d e l b e r g ,  1977 



Donald Michie,  Machine I n t e l l i g e n c e  Research Unit  
Un ive r s i t y  a f  Edinburgh, Mope Park Square,  Edinburgh EH8 9W 

and 
I, Bratko, Sosef S t e f a n  I n s t i t u t e ,  t j tnb l jana ,  Yugoslavia 

C o q u t e r  implementation i s  descr ibed  of t he  chess  ending k i n g  and 
kn igh t  ve r sus  k ing  and rook, and t h e  t rade-off  between s e a r c h  and 
domain-specific knowledge i s  e x a d n e d ,  

In t roduc t ion  

Except f o r  a few c a t e g o r i e s  of p o s i t i o n s ,  f r o a  which t h e  rook's  s i d e  
can f o r c e  a  win, t he  ending King-EEaok-King-Knigbt i s  thought t o  be a 
f a i r l y  s t r a i g h t f o r n a r d  draw, But t he  draw i s  no t  i n v a r i a b l y  agreed i n  
tournament play a n d h a s o n a t  l e a s t  one r e c o r d e d a c c a s i o n s l i p p e d  thraugh a 
chess-masterB s  f i n g e r s  . lo  Flareover t r e a m e n t s  of t h i s  ending i n  t he  
s t anda rd  books have been shoem by computational a n a l y s i s  t o  be  s e v e r e l y  
inadequate  and marred by e r r o r s ,  As a n  a r b i t r a r y  example, t h e  follow- 
i n g  p o s i t i o n  i s  given by J?ineS a s  a  draw, Kapec and ~ i b l e t t ~  r e p o r t  

thak. i t  can be won by Kc6 i n  
15 moves, The i r  i n v e s t i g a t i o n s ,  

suppor t edbyexpe r imen t s  w i t h h m a n  
p l a y e r s ,  show t h a t  t h e  KmR prob- 
lem, sometimes viewed a s  t r i v i a l ,  
i s  so deep and complex t h a t  even 
mas ters  n u s t  be s a i d t o h a v e a n l y a  
p a r t i a l  g ra sp ,  The s i z e  o f  t he  
space of l e g a l  p o s i t i o n s ,  a f t e r  
d r a s t i c  r educ t ion  by d i s r ega rd ing  
s m e t r i c  ca ses ,  i s  approximateiy 
t h r e e  m i l  E i o n ,  

m e r e  a winby the  rook" s i d e  i s  
p o s s i b l e  a g a i n s t  b e s t  defence,  t h e  
f o r c i n g  l i n e  can reqtaire a s  many 
a s  27 m v e s  (54 p ly)  "c c a p t u r e  t he  
Knight,  accord ing  t o  ~ t r o h l e i n l l ,  
~ i n e 5  devotes  8 pages t o  i t s  de- 
t a i l e d  execut ion ,  Thebroad s t r a t -  

egy i s  t c r c r e a t e m t i n g t h r e a ~ s  s o a s  t o  f a r c e  t h e k n i g h t ' s  cap tu re ,  a f t e r  
which mate can "s ddeivered i n  a t  most a  f u r t h e r  16 m v e s  (32 p ly )4 .  The 
p r e s e n t n o " f i s c o n c e r n e d w i " r t t h e w e a k e r ~ i d e ' s t a s k o f E r u s t r a t i n g  t h e s e  
t h r e a t s ,  

With the a i d  of  an "Advice TakerP' f ac i l i ;y8 ,  a  compaCt strategPT was spec i -  
f i e d  f o r t h e k n i g h t ' s  s i d e  eo enable  d r a m p o s i t i o n s  t o b e  i n d e f i n i t e l y  de- 
fended (until teminatedbytheSO-move r u l e ) .  Cons t ruc t ion  of  such a 
s t r a t e g y  cawbe approachedbynega t ing the  a t t a c k e r ' s  goa ls .  The correspon- 
d i n g b r o a d a d v i c e ,  l a b e l l e d s o  a s  t o  d i s p l a y  i t s  s t r u c t u r e ,  i s  a s  f o l l a t ~ s :  

l ,  Avoid mate,  
l e a  Keep the  k ing  as f a r  from t h e  edge a s  p o s s i b l e ,  



% , 2  Keep t h e  k ing  a s  f a r  from t h e  corners  a s  p o s s i b l e .  

2 ,  P re se rve  $he k n i g h t ,  
2 , l  Keep t h e  kn igh t  a s  near  t he  k ing  a s  p o s s i b l e ,  

It i s  i n t e r e s t i n g  t a  cons ide r  v h a t  wh~uSd be the  effect :  upon the m o u n t  
of s ea rch  r equ i r ed  t o  s e l e c t  a  draxq-preseming move i f  advice  were add- 
ed incrementa l ly ,  a  p i ece  a t  a  t i a e ,  

Advice 1: "avoid mateB' 

The program sea rches  fo rna rd  a long  a11 p a t h s ,  t e m i n a t i n g  t h e  branching  
t r e e  of  p o s s i b i l i t i e s  on ly  a t  c h e c k w t e  p o s i t i o n s  o r  when a  depth of  
85 p ly  has  been reached, - s ng t h e  two b~ors t -case  f i g u r e s  c i t e d  
e a r l i e r ,  A draw-presemiwg move can always be e x t r a c t e d  from such a  
search- t ree  by t h e  minimax m E e ,  The branching  r a t i o  of  search  ex- 
ceeds 10, Hence the  rn i~ml  advice ,  e d o d y i n g  only  t h e  a p p l i c a b l e  
r u l e s  of chess ,  demnds  a  s ea rch  of  nore  than  as t ronomica l  propor t ions  ;. 
i n  excess  of 10" moves i n  t h e  sea rch  t r e e ,  

.As a 

I n  t h e  worst case  a  54-ply sea rch  i s  r equ i r ed  t o  ensure  s e l e c t i o n  of a 
s a f e  knight -preserv ing  l i n e ,  

As above p lus  Advice 2,1: "keep k i n g  and kn igh t  ~ a g e t h e r "  

A 12-ply search  i s  r equ i r ed  t o  ensure  f u l f i l l a e a t  o f t h i s a d s r i c e o v e r  and 
dbovethe two p reced ing i t ems  ( b u t  as w i l l  appea rwi th  some r i s k o f  e r r o r ) .  

A s  above p l u s  f u r t h e r  re f inements ,  inc luding  t a c t i c s  f o r  p re se rv ing  
k i n p c e n t r a l i t v  

asl. Advice Table thus  equipped (Table 1) performs s a t i s f a c t o r i l y  on the 
b a s i s  of a  4-ply s e a r c h ,  

1d f a c t  i t  conducts t h e  defence a t  l e a s t  a s  we l l  a s  a  chess-  
mas ter .  Contrary t o  what was u n i v e r s a l  b e l i e f  b e f a r e  t h e  Edinburgh. 
e ~ e r i n t e n t s ,  even chess-masters a t  have a complete grasp  of she  
ending. We now understand t h e  problem well enough t o  be a b l e  t o  
pose t e s t s  t o  chess--naasters which they  a r e  v i r t u a l l y  s u r e  t o  f a i l ,  

How Advice Tables  work 

The basis.  concept  of &l is  t o  adopt  t h e  m s t e r ' s  a t t i t u d e  t h a t  pa t -  
t e r n s  and goa l s  a r e  what counts ,  whereas i nd iv idua l  m v e s  a r e  nat;hing 
bu t  a  chore,  t o  b e  worr ied about s e p a r a t e l y ,  This  d i v i s i o n  of fane- 
t i a n  i s  shovm i n  F igure  1, 

A board posr:i.cn. f o r  which we want t o  f i n d  a  move i smatched" tJ the  sys- 
ten1 coburn by C O L U ~  a g a i n s t  ishe r u l e s  of  t he  Advice Table u n t i l  a  m t c h  
i s  found, A r u l e  i s  read Eroliz top  t o  bateom, not  from l e f t  t o  r i g h t *  
The upper par$: of e ~ c h  r u l e ,  by i t s  p a t t e r n  of "Yga's 6'8yes"), "8'"'s 

and s f - l a  7 s ("don't care8')  makes a s e l e c t i o n  from t h e  p r e d i c a t e s  

O E D G E  ( " o u ~  k ing  i s  on the  edge"), OMONSEP ("our k ing  and our  knight  
a r e  separa teda8)  and C O W C S E  ('kcdrner case") ,  nega t ing  those  f a r  which 
the  s p b o l  ""N8Ys eenered ,  For example the "fhird r u l e ,  R2, matches 
with any posiil ion in which ou r  k i n g  i s  on the  edge and ou r  k ing  and 
knight  a r e  n o t  s epa ra t ed ,  The bottom p a r t  o f  t h e  r u l e  i s  then  taken a s  
t he  " a d v i c e y -  i n  t h i s  case  the  l i s t o f  i n t e g e r s  (1,  5 ,  6 ,  7 ,  8, 11, 1 2 ) .  

16 i s  now up t o  t he  search  module t o  f i n d  a s t r a t e g y  which s a t i s f i e s  
t he   firs^ advxce on che l i s ~  (advice  "1" in our  example) i f  t h i s  can 



be  done; f a i l i n g  "eat, "ten the  second (advice  "5"); f a i l i n g  t h a t ,  
then  the  t h i r d  (advice "6'9 e t c ,  The f u l l  i n t e r p r e t a t i o n  of each 
such advice  a d e r  i s  looked up i n  t he  "advice l i b r a r y ' h s h m  i n  t h e  
bottom h a l f  of  t h e  d i a g r m ,  Thus advice  "IPP, RILLROOKS c o n s i s t s  of 
va r ious  goa l s ,  T U E m ,  MOT Urn, NOT OmQST and T R D E D  QR mEe How 
does t h e  sea rch  m d u l e  d i scove r  whether a s t r a t e g y  e x i s t s  which i s  
guaranteed t o  s a t i s f y  a l l  t h e s e  p i eces  a f  advice? 

For t h i s  we need B a h a r a  H u b e m a ' s  concept of a f o r c i n g  t r e e  ( s ee  Fig-  
u r e 2 ) .  The sea rch  m d u l e  makes a l l  p o s s i b l e  m v e s  a n d r e p l i e s  t o  a pre- 
set depth ( 4  p l y  i n  t h e  case)  t o  s e e  whether a sub-tree of t h e  
t r e e  t hus  g r o w  possesses  t h e  p r o p e r t i e s  of  a f o r c i n g  t r e e ,  These a re :  

I ,  Only one branch (move) from each us-to-ave node, 
2, A l l  l e g a l  r e p l i e s  a t  each t h e w t o - m v e  node, 
3 ,  A l l  t e rmina l  nodes s a t i s f y  t h e  ""%tter" goa l s  
4 ,  A l l  nodes o t h e r  than the r o o t  node s a t i s f y  the  ""holding" g o a l s ,  

Aa e x m p l e  of  a " 'betterP'  goa l  i s  T m E m  ( ' @ t h e i r  rook dead'" An exam- 
p l e  of a "hol.dingP' goa l  i s  NOT OKOST ("our k n i & t  i s  n o t  lastR"f m e  
second r e p r e s e n t s  a d e s i r a b l e  f e a t u r e  o f  t h e  p o s i t i o n  which we a r e  n o t  
prepared "c s s a r r i f s e  f o r  any " b e t t e r E H  goals  however a t t r a c t i v e ,  

m a t  does &I do wi th  i t s  f o r c i n g  t r e e  once i t  has  mnaged t o  c o n s t m c t  
one? Two m i n T p t i o n s  e x i s t :  

Q l )  t o  p r i n t  i t  ou t  f o r  examination, d i scuss ion ,  e d i t i s r g e t c ,  by t h e  u s e r ,  

(2) t o  invoke the  p l ay ing  m d u l e  and execute  i t  a s  a s t s a t e m  f a r  t h e  
next  4 moves (2  by "us" a l t e r n a t i n g  w i ~ h  2 by  " th~m")  The de f in i t i on .  
of " 'forcing t r ee"  p a r a n t e e s  t h a t  a t  t h e  conclus ion  of t h i s  exchange of 
m v e s  a l l  t he  "be t t e r "  goa ls  w i l l  have 'been achieved and a l l  t h e  '"hold- 
ing" goa ls  consemed,  The new p o s i t i a n t h u s  reached cannow be fed  back 
t o  Gjtb and a new cyc le  i n i t i a t e d ,  I n  t h e  s p e c i a l  ca se  t h a t  no " b e t t e r  
godls" a r e  s p e c i f i e d ,  the  f o r c i n g  t r e e  i s  executed f o r  one move only,  
and c o n t r o l  re -en ters  t h e  Table a f t e r  t h e  opponents '  r e p l y  ('beale" 
mode), The d e f a u l t  goal  i s  then  adopted t h a t  t h e  node should be on the  
lookahead hor izon  as s e t  by t h e  depth bound, 

E x p e r i m n t s  and r e s u l t s  

Using the  advice- taking package ALl8 w r i t t e n  i n  t h e  POP-2 progr  
lanSage3, advice  was comunica t ed  t o  t h e  computer i n  the  f o m  of t h i s  
s i n g l e  Advise Table,  P repa ra t ion  and check-out of a s u b s t a n t i a l l y  cor- 
r e c t  v e r s i o n  of "ce &viee  Table accupied s i x  mn-weeks on t h e  p a r t  of 
one of  u s  ( I , B , ) ,  Apart from h i s  own chess  e x p e r t i s e  (approximately 

6 BSGF 2300 ra;eing] Che main sou rce  of  k n o d e d g e  was ~ i n e '  and Keres . 
$Re Table was seE up on a PDP 10 computer u s ing  t h e  Pa4;l package, A US 
Nat iona l  Elaster c u r r e n t l y  r a t e d  25511 on the  USCF s c a l e ,  engaged the  
system i n  p l ay  f o r  a t o t a l  of  5 hours ,  with h a l t s  t o  e n t e r  new t r i a l  
s t a r t i n g  p o s i t i o n s .  The machine system was i n  a l l  c a ses  a b l e  t o  pres- 
e rve  the  draw, and a l s o  t o  m8intain t h e  degree of c e n t r a l i t y  of i t s  
k i n g ,  Three degrees of c e n t r a l i t ?  a r e  d i s t i ngu i shed :  t h e  c e n t r a l  16 
squares ,  t h e  r m k  o r  f i l e  next  te an edge, and raa edge, Although i t  
i s  p o s s i b l e  t a  a l low t h e  k ing  t o  be p e r i p h e r a l i s e d  and s t i l l  draw, t h e  
defence becomes t r i c k i e r  a s  each l e v e l  of c e n t r a l i t y  i s  ceded, The Ad- 
v i c e  Table thus  r e s i s t s ,  a s  does a Master, need le s s ly  e n t e r i n g  t e r r i -  
t o r y  which, a l though s t i l l  d e f e n s i b l e ,  i s  adverse ,  



b r r e c t n e s s  of  t h e  Tab le ' s  s t r a t e g y  f o r  a l l  caseswas  suhseqrren t lybe l ied  
by t h e  d iscovery  of a c l a s s  of  s p e c i a l  p o s i t i o n s ,  be l i eved  new t o  chess  
theory ,  i n  which the  a n l y  c o r r e c t  con t inua t ion  worsens t h e  s e p a r a t i o n  
of k i n g  and kn igh t ,  Two examples a r e  shorn i n  F igure  3. We a r e  seek- 
i n g  t o  add a f i f t h  r u l e  t o  t he  Table which should p r e c i s e l y  charac te r -  
i s e  and p r e s c r i b e  f o r  c h i s  c l a s s ,  

The P;&l f o m a l i s m  was p a r t l y  mo"cva"cd by rhe need f o r  a  r e p r e s e n t a t i o n  
i n  which praof  methods might be  e a s i e r  t o  develop,  A proof scheme f a r  
an Advice Table i s  descr ibed  by ~ r a t k o ~ ,  u s ing  the  sinrpler ca se  of 
KinrRook-Ring , 

Discussion and s u m a q  

The main f e a t u r e s  of i n t e r e s t  a r e :  

1, No computer impleraentation a f  Master s k i l l  i n  a n y n o n - t r i v i a l  chess  
end-gme has  p rev ious ly  been achieved,  o t h e r  t han  a s  an exhaus t ive  

l t a b u l a t i o n  To check t h e  p o s s i b i l i t y  t h a t  such s k i l l  might l u r k  un- 
suspec ted  i n  t he  b e t t e r  t o u r n m e n t  programs, t h e  t a s k o f  defendingknighc  
a g a i n s t  rook i n  t h r e e  s e l e c t e d  t r i a l  p o s i t i o n s  was submit ted t o  Atkin 
and S l a t e ' s  W S S  4 , 5 9 ,  The i r  program al"chough sea rch ing  t o  a  depth of 
7-8 p ly  f o r  s e l e c t i o n  of each m v e ,  mis-played i n  two of t h e  t h r e e  
t r i a l s ,  Evident ly  the  cor?atainatiore of deep sea rch  wi th  good genera l  
chess  h e u r i s t i c s  cannot s u b s t i t u t e  f a r  h e u r i s t i c s  s p e c i f i c  t o t h e  given 
end-game. I n t h e s e  t e s t s  t h e  human opponent,  a l though of "expert"  l e v e l  
(USCF r a t i n g  2000), a l s o  made e r r o r s  a s  shorn by subsequent a n a l y s i s *  

2, I n  conparison w i t h e x h a u s t i v e  t a b u l a t i o n o u r  r e p r e s e n t a t i o n  achieved 
a  m e w q  sav ing  of s e v e r a l  hundredfold,  As e a r l i e r  s t a t e d ,  t h e  nrraber 
o f  king-knight-king-Paok p o s i t i o n s  i s  approximately t h r e e  m i l l i o n ,  

3 ,  E x p e r h e n t a l  evidence a f f o r d s  an inadequate  c e r t i f i c a t e  t h a t  a 
Table i s  c o r r e c t *  C e r t i f i c a t i o n  must be based on Eomal  p roo f ,  Suc- 
c e s s f u l  proof of an Advice Tabbe has  been p o s s i b l e  f o r  t h e  e a s i e r  
problem of Ring-bok-King, 

As a  v e h i c l e  f o r  t h e  t r a n s f e r  of chess  knowledge from h 
Gidvice Tables  may a l s o  s e n e  a s  a  va luab le  supplement t o  t he  t r a d i t i o n  
of n a t u r a l  l a a s a g e  t e x t  i n t e r s p e r s e d  wi th  diagrams, The Tables  a r e  
m r e  p r e c i s e ,  more compEe"tle, and more open to  s y s t e m t i c  checking,  The 
f a c t  t h a t  they  can a l s o  be  run  d i r e c t l y  on the  machine adds,  of course ,  
an a d d i t i o n a l  dimension, 
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I EXPERT, I 

r e q u e s t s  
advice  
A 

-+-T--- 
gxv? s  
advlce  

(works o u t  what 
moves a r e  necessary  
t a  s a t i s f y  mV%CE) 

( s e l e c t s  goa l s  
and c o n s t r a i n t s  
f o r  gu id ing  SEARCZ-Se) 

Figure 1, Div i s i an  of f u n c t i o n  i n  &I: 
Sepa ra t ion  of s ea rch  from adv ice ,  

o us-to-move node, 

t h e m - t a ~ o v e  node, 

s a t i s f i e s  us-to--move 
b e t t e r  goa l s .  

s a t i s f i e s  t h e w t o -  n m v e  b e t t e r  ,,Ells* 

F igure  2 ,  FORCIMG TEE d e p i c t s  a s t r a t e g y  ensu r ing  
s a t i s f a c t i o n  of "be t t e r "  goa ls  i n  ass most 
4 ply (2 maves by "us" a l t e r n a t i n g  with 
2 moves by "them"), A t  us-to-move p o s i t i ~ n s  
t h e  t r e e  on ly  h i s  a  s i n g l e  branch,  car- 
responding %a t h e  move des igna ted  by the  
s t r a t e g y ,  A l l  nodes except  t h e  r o o t  node 
a r e  guaranteed t o  s a t i s f y  any s p e c i f i e d  
""iacllcding goa lsH8 



Figure  3A, M-f6 would 
i m e d i a t e l y  bring N and X 
c lose r  together ,  but N-c3 
is the  only  draving move. 

Figure 3 B ,  N-E5 would b r i n g  
N and R c l o s e r ,  b u t  N-g8 i s  
the only drawing move, 

F i s r e  3 ,  Two p o s i t i o n s  f rom the  category for which 
q u a l i f i c a t i o n  i s  denranded of  the advice 
"Keep t h e  knight  a s  nea r  the king a s  
pos s ib l e "  



r u l e s  

eandit  ion 
predicatres 

l is ts  .of 
p i e c e s  af advice  

(YS U Y 

(n> u n 
Y Y Y  

Y P P  

Y Y Y  

Y Y Y  

Y Y Y  

(Y) (fi) (Y) 

Y Y M  

Table 1 ,  The upper t a b l e  i s  t h e  Advice Table a s  w r i t t e n  and 
t e s t e d ,  '%he i n t e g e r  l i s t s  index a r e p e r t o i r e  of 1 2  p i eces  
a f  advice ,  m e s e  a r e  sham i n  t h e  lower t a b l e  expanded i n  
t h e  f o m  of c a l l s  t a  i n d i c a t e d  subse t s  of the  14 goal  
p r e d i c a t e s  l i s t e d  a long  t h e  top ,  "PHs enclosed i n  b r a c k e t s  
a r e  l o g i c a l l y  implied by t h e  o t h e r  p r e d i c a t e s  s e l e c t e d  i n  
the sme row. The s@01~ in. parentheses  (u tm)  and ( t t d  
mean " ( u s - ~ o w ~ v ~ "  and '"them-to-a.oveU r e s p e c t i v e l y ,  F u l l e r  
d e s c r i p t i o n  and exp lana t ion  i s  t o  be found i n  ehe papers  
of r e f  e renee  8, 
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ABSTRACT 

The papei- describe? the organization of  kno:.:lcdyt: source and the 
a1gori"thins f o r  evs9 u a t i n g  hypotheses o f  Li~e  frrint-end acoust ic  ~ : ~ s s i  - 
f i e r  of a Speech Under-st3nding Systeiil- 

1 - INTRODUCTION ---- 

i t  hss been denonstrated t h a t  there  a r e  ria sirr:>le relatiions between 
phonemes and t h e i r  acoust ic  rea l i za t ions  in a spoken language. 

A n  analys is  of  the time evolutions of the acoust ic  paraineters of 
speech shows t ha t  a cor,ly~lex coding, invo? ving rules t h a t  may be context- 
dependent, r e l a t e s  abs t rac t  representat ions of speech t o  the physical l y  
observable acoust ic  pat terns  / 1 -. 3 /, These re la t ions  are  not only pa- 
rametri c b u t  very of ten  they involve qual i t a t i v e  descr ip t ions  of speech 
pa t t e rns ;  furthcrmol-e, they a re  fuzzy in natbt-e, The above staternrnts a r?  
motivated considering tha: the  most popular represen tz t ion of speech i s  
by spectrograms and most of the phonetic events b: descri5ed i n  terms 
o f  imprecise descri ptioras of the spectragl-am pattei-11s .Far example, vo - 
wels a re  r e p r t ~ e n t e d  by h i g h  energy i n  the speech s i gna l ,  l i t t l c  varying ---- - 
and we17 evident formants and energy a t  low frequencies being higher --- 
t h a h e e r g y  above 5 kHz ,  The vowel / i / has a low f i r -  t forman-c, sn high 

P 

second formant and an  high t h i rd  forrnar1-t: s top c~nsor~ilr ts  have ci.>.?racte- 
r i s t i c  formant t r an s i t i ons  toward the  succnssive vowel; f r i c a t i v e s  have -- 
renlarkabl e energy a t  fiigh frequenc-i e s ,  

The degree of fuzzinccs t i g a t  appears from the above sentences sug- 
ges ts  t o  oconsider the qual i t a t i v e  a t t r i b u t e s ,  on whLjr,? the spectrogram 
in t e rp r e t a t i on  i s  based, as labels  f o r  fuzzy s e t s  because they may be 
present in t h e  specch spectrograms with d i f f e r en t  grades of  evidence.Fur 
thermare, the evidence i s  reduced when sounds a r e  pro~ounced i n  a senteta 
CE? context / 4 j ,  I t  i s  knoe!n t h a t  the re  i s  a s t rong var iabi l  i t y  of the- 
pa t t e rns ,  and a pos s ib i l i t y  e x i s t s  t ha t  evio2nce of some acoust ic  cues 
has been l o s t  i n  a spectrcgranl o f  a sentence t h a t  has not bee:? enouncia- 
ted c l ea r l y .  

For these reasons, i t  i s  :lore contfenient "c expr-ess ii grade of evi - 



dence by the sub j ec t i v i s t i c  concept of a fuzzy s e t  x i  t h  a heu r i s t i c  as-  
signment of a niernbership functioil i nstrad of cnipl oyir~y pr0bab.i 1 i t y  detlsi -. 

ty  firnr,ti.ons tiiat may be not sa t - i s fac to r i ly  E?s"iimated frorn evei-1. a tarye 
t ra in ing  s e t ,  S i n i i  Jar  consi de r c l t i o~s  niay be done for  "ciose 1 -inguistic c.- 
vents t h a t  may be characterized only by acous-t-ic psi-anietecr-s (;rid f o r  
which  decisions ci-e based on ti:c calcula t ion dF geo:!~et~- ic  inti?r-.sets d i -  
s tances i n  a Euclidian space. 

2 - PROCESSES I / $ i V O L V E D  - 'IN P1IO?,iEME LABELLING 

F i g ,  l shows a p reccd~nce  graph 01' t h e  pi-occsscs cornposing the a7 . .- 

gor j thrn used f o r  eini tting hypotheses a t  the  syl l all-ic level ; ~ t h e ~  papers 
describe the n;~thodologics used foi- verifying .hypotheses / 5 / and f o r  
p r o c e s s i ~ g  infob-ifiations ai; .the lexical  / 6 /, t h e  scinantic arid the syn- 
t a c t i c  level / 7 / -  

After sc?n~pl ing the si<;nal a t  a r a t ~  of 20 kHz, a spectr;i,'i analys is  
based on Fast  Fourier Transformations ( F F T J  and Linear Prediction ( L P )  
i s  pci-formed. Such operatioris [nay be  ascr-ibed to the "auditory 1 e v e ] "  of 
the speech understanding system (SUS)* The spect ra  a r e  then processed in 
order t o  obta ic  some ""gross spect ra l  f e a t u r e s l ' ( s e e  / 8 / f o r  d e t a i l )  
and the  p o s i t i o n  of the vowels a r e  f i r s t  hypotl~i:sired by process 
us.l"t~g a syn tac t i c  method desc-ibed in / 8 /., 

Vowel detection and the extract ion of contcx"tn dependent f e a t u -  
res f o r  consonants carr dsponds to  a so ca l l  ed "pprecaiegori cal G I  a s s i  f i ca 
t ion"  because i t  can be perfcrmed witi.iout the knowledge o f t h e  pho r l e t i c  
cont;exts, Detection of vowel posi ti011 may be ambiguous making i ~ h o s s i b l e  
t o  have more than one processes of precategoricai  c l a s s i f i c a t i on  P C j  
( i  = 1 , 2 ,  . . . , N I ) ,  each process correspondign t o  a pa r t i cu l a r  se lec t ion  
of vob~el posi tior-is, Precaf egorical c lass  i f i ca t ion  belongs t o  the  " "phone 
t i c  l eve1 " of the SUS and  i s  based on fea tures  t ha t  can be r w g n i n e d  in 
dependently of the context .  The detection a f  such features  i s  arribiguous 
and may lead,  (o r  each process PCi, t o  a vs r ie ty  of trypothest-s about seg - 
mentation ( i . e .  more processes S ). For each hypothesized sy l l ab i c  seg- 
ment, an emission o f  hypotheses i$r the vowels i s  f i r s i  performed; t h i s  
emission i s  based on the detection or' s t j b l e  zones in the formant (\$hose 
ex t rac t ion ,  perfoi-med by the process DFi m a y  Ye ambiguous) oat terns  
and i n  t h e j r  c l a s s i f i c a t i on  as belong~ng t o  vowel loci  t h a t  I r e  defined 
as fuzzy s e t s *  Thus vowel uecog~i t iorr ,  t h e  f i r s t  s t ep  of the  ""panernic 
7eve7", may be ambiguous, Fcr each choice of forinants, a process V e- 

i j h  
snits hypotheses about vowels and, forQ each choice ol' vowels i n  each syl- 
l ab le ,  context-d~pendent algorithms implemented by the  process C i j h k  . 
a r e  used f o r  eri~it t ing hypotheses about consonailts, Again, t h i s  o- 
peration may be ambiguous, Final ly ,  the consonantal context nay be used 
f a r  detect ing the ca;es of vowel reduction. 



Requesb for- hypotiieses veri . f icat ion ci;: be issue3 i ;- l ; t:le vi:i;'Cr 1.c - - 

cognition I eve1 (new vowel posi t i  oi-is a r e  pas tu l  c?ted a11c1 at, tI1i2 c o : . ~ ~ ~ ~ , .  
rran"er-ecognttion ?eve7 (new precati?ijor$cal c'iass-ificai;i{;i;s ai-c. r_l~s.i!.rl~~-- 

l 2 L .  t e d ) ,  Such requests  cause repeti  t.ior:s of ciiains of pri>coss~-#r, t;i;!~>e 
process i s  indicated by dashed l i ne s  in f i g ,  1 .  

Phonetic and pilonei-iijc know1 edcjrts a r e  represented by iiugi;ienii:d "i.i.;1!1- 
s*i"con networks ( A T N )  t h a t  a r e  subnet~io!-!:s of the ATF: i ' c l : i - i : s e r d i i : ~  ti?. 
syntax of the natural  langiiage. 

Af tet- pmcatego~-jcal  c1.assi-f ic-ation, the spceci l  s-ic!iial COk'TCSiiCiYi - 
ding to  a seiltcnce i s  segmei-ited i n to  psecrdo..sjlllable s ~ g : : ~ e n t s  (FST,) ~.nci  
f o r  each type of PSS, phot~etic: allci phont:r!-ic Ihjlpii ti;eses a r e  emi -1:: pi! and 
evaluated under the  control of ar; ATN, F i g ,  2 siiojtis, a s  a!? ~ ; k : a i ! i p l ~ ,  t h e  
ATH f o r  a PSS type made of a vowel iii the t i ~ n i  in terval  . .  t a 
voicer! (sonor-ant or noilsoilor-an", 1 a:?:) ::ons?j-iant (-:. 7 ' t j )  a n  a ~ h , ~ . : ' i  

4 
glves back a value of a membership function. 
t ) .  Each t rans i t ion  of rl netv~ork i s  consumeti affet- a PilSki i?-c:tl'o:i 

For example, the act ion PU% &IIDNSOMORP,~ .~ IT>  causes the  e ~ ~ a . l ~ j a  - 
t ion  of the liypothesis t ha t  the speech in terval  from t i  t, t o  t:ii::c t3 

L 
( t he  condi t ion on the PUSH (VOICED GOPJSONAM-T" ) i s  noi-isorroranL The 
hypothesis i s  evaluated under the control of phonetic ru les  a n d  the  va- 
lue nonsonorant obtained i s  used fo r  evaluating a t o t a l  !~ypothesis .  A 
to ta l  hypothesi; c d r r s p ~ n d s  t o  a pati-; from the s t a t e  ( V O I C E D  C O C S ~ ~ ~ B N T )  
t o  the  s t a t e  VG14. Ti le value of a t o t a l  hypothesis 4s "ciie minirn~liii of tile 
membership values computed fo r  each a r c  of -i;!le path, 

The actiori PUSW a r e  ordei-ed a"n accordance v!i"c~ tiie contextiial 6. f  - 
f e c t s  s f  t h e i r  r e su l t s  r a the r  than in time. Thiis, for. t ~ i d r ; i ~ l e ,  for. t h e  
PSS-'type V G V  the  second vowel corresponding t o  t i l e  t j n e  in terval  (t t ) 3: '4 
i s  hypothesized before the consonant t ha t  i s  pronounced ijefor;, i n  tile 
time in terval  i t  t 1 ,  beca~ise the  knowledge of the  -two vc;t:e'i s 5:, essen 

2' 3 
t i a l  f o r  hypothesi zing %he consonants* The recognized voi.;el, re.ti.r!-r-ind by 
the PUSW V act ions  a r e  indicated as / V / and a r e  stored i n to  rug'ii;tci+s 
R 1  and R2, The contents of these registei-s wi l l  be conii-i t i o r ~ s  f c ? ~  the 
recognition of consonantso 

Emission of hypotheses under the control of the ATN type. j u s t  
introduced i s  ambiguous because 5everal PUSW act.ions can be taken from 
many s t a t e s ,  Furthermore, sozie PUSH act ions  r-equ-ire soae fea tu res  to  be 
ext racted,  For example, the  a c t i n r~  PUSH (NASAL ) r e q i ~ i r e s  tha t  the  
formants of the FSS have been tracked previously. 

For  such reasons, the  s t ra tegy  t ha t  uses the phonetic and pho:icaic 
tC8701vl edge soorces a c t s  l i ke  an operatirg system tha t  schedules the re-  
quired tasks before performing a PUSH ac t ion ,  causes the storage of a71 
the hypotheses whose value i s  above a confidence level on a d a t a  ba,;c 
and decide the t r an s i t<an  from one s t a t e  a f t e r  having eva lua ted  a17 the 
hypotheses represented by the PUSH 6:tions associated with t ! ~ c  arcs  
going o u t  from tha t  s t a t e *  The arcs  t o  be followed f;*o~n eacii s t a t e  a r e  





stored in an event queue and a re  ordered according \ r r - i i i :  the  hiy i . rest  mem - 
bership va lue  o f  the hypotheses ti:ey nldy generate. The evolution of a 
total  hypothesis i s  aborted when i t s  va lue  f a l l s  below a confidence 7e- 
vel The pol ic ies  asrociated w i t h  t h e  strategy are very important for  
the p5rformances of  the system and are s t i l l  under investigation* 

Action assecii?ted vri t h  some t ransi t ions cause t h e  writ?  ng of pho- 
rrernic hypotheses on a data base, 

The semant ics  associated t o  t h o  syntactic rules represented by 
ATr.ii;s has.i ca7 7y cot7c~:i-i.1 the  ass i  gnrnetl.t sf niembershi p f i i n c t i  ons t o  f u z z y  
relatic!:-12, Some o-f the relations involved 'in t i l e  autoixatic intcrpreta - 
t l 'o i? ( i f  spectrogi-ams cannot be determi r ~ i s t i c  because n-iot-e competing i ti- 
terpi- tati ions inre o'teo ob-tajned from t h e  same s e t  of d a t a ;  these am - 
bigu . i t ies  i-equjrc each i i l t c rp re t a t ion  t o  be assigned a degree of con- 
sistence w i t h  t h e  o r i g i n a l  data,  

These degrees a r e  used by the schedul ing  policy f o r  the execution 
of the process t t l a t  cause a t rznsi t lon t o  be consumed. 
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P b s t r a e t :  T h i s  i s  a  s u r v e y  of  r e c e n t  p r o g r e s s  i n  " r e p r e s e n t  & i o n  of 
k n o w l e d g e e g 3 r s t  t h e  f i e l d  i s  d e f i n e d .  Then p r o g r e s s  i n  g e n e r a l  
t e c h n i q u e s  i s  su rveyed ,  Then a  c a t a l o g u e  of r e s u l t s  i n  p a r t i c u l a r  
d m a i n s  i s  g i v e n ,  F i n a l l y ,  a few recommendations a r e  l i s t e d .  

1 The Problgn 
-- . - - - - - - - - - - 

Ln t h i s  paper  T w i l l  s u r v e y  r e c e n t  p r o g r e s s  and t h e  s t a t e  o f  t h e  
a r t  i n  t h e  a r e a  of  " r e p r e s e n t a t i o n  of knowlecige.'VThis i s  a n  awkward 
t o p i c  t o  w r i t e  on,  As o f t e n  happens i n  A l ,  t h e  phrase  i s  produced by 
t a k i n g  two words,  " r e p r e s e n t a t i o n "  and " k n n w l d g e , "  h i g h l y  charged wi th  
thousands  of y e a r s  of ph i losop i l i ca l  s p e c u l a t i o n ,  and p u t t i n g  than 
t o g e t h e r  t o  form a  s l o g a n ,  A g l a n c e  a t  any AI c o n f e r e n c e  proceedings  
w i l l  show t h a t  t h e  phrase  u s u a l l y  heads  a  l i s t  o f  papers  wi th  l i t t l e  i n  
c m n o n .  A paper  su rvey ing  an a r e a  l i k e  t h i s  must e i t h e r  b e  comple te ly  
u n s y s t m a t i c c  o r  must r e f l e c t  t h e  a u t h o r ' s  p r e j u d i c e s  t o  an 
embarrass ing d e g r e e ,  T h i s  paper  i s  of t h e  second v a r i e t y ,  

The f i r s t  q u e s t i o n  t o  ask about knowlecige r e p r e s e n t  a t i o n  i s  what 
d i s t i n g u i s h e s  i t  f r m  computer s c i e n c e  i n  g e n e r a l *  A f t e r  all ,  i t  i s  
tHe b u s i n e s s  of  w e r y  computer p r o g r m  "t s o l v e  problems i n  a  g iver .  
a r e a  of  e x p e r t i s e ,  The p r o g r m  a b o d i e s  t h e  p r o g r a m e r ' s  knowledge of 
t h a t  a r e a ,  and i t  m a n i p u l a t e s  d & a  s t r u c t u r e s  r e p r e s e n t i n g  i n f o m a t i o n  
about a  p a r t i c u l a r  s i t u a t i o n .  So why 1 s n " t  " r e p r e s e n t a t i o n  of 
k n o w l d g e "  t h e  s t u d y  of it%ILE l o o p s  and hash t a b l e s ?  

The answer i s  t h a t  having I tnowldge  mbodied  i n  a p r o g r m  i s  no t  
t h e  same as r e p r e s e n t i n g  i t ,  A progran m b o d i e s  a  p a r t i c u l a r  chunk of -- - - 
knowledge. whereas a  r e p r e s e n t  at  i o n  system must s p e c i f y  how t o  
r e p r e s e n t  any chunk of  k n o w l d g e  f r m  a  g i v e n  domain, For a m p l e ,  t h e  
l i s t i n g  o f a  chess -p l  aying p r o g r w  says  no th ing  ahout how t o  ;dd a  new 
h e u r i s t i c  t o  i t .  A " c h e s s - h e u r i s t i c s  c a l c u l u s "  w i l l  s p e c i f y  a  way of 
= p r e s s i n g  anv r e a s o n a b l e  p i e c e  of & v i c e  f o r  p lay ing  c h e s s .  O f  
c o u r s e ,  w e n  g i v e n  a r e p r e s e n t  & i o n  scheme, t h e r e  w i l l  s t i l l  b e  an 
e l m e n t  of  t r i d  and e r r o r  i n  = p r e s s i n g  a  g i v e n  f a c t ,  s i n c e  t h e  
mapping s u p p l i d  b y  t h e  i n v e n t o r  of  t h e  sys tem,  i t s  s e m a n t i c s ,  w i l l  g o  -- 
f r m  e x p r e s s i o n s  i n  t h e  s y s t m  t o  f a c t s  r a h e r  t h a n  t h e  o t h e r  way 
around. ( A  p r o g r a m i n g  l i a n g u q e s  h a s  s e m a n t i c s ,  t o o ,  but  t h i s  
s m a n t l c s  maps l q u a g e  cons t ruc t ' s  i n t o  s ,  n o t  i n t o  
f a c t s  * )  

Let us f u r t h e r  s t i p d a t e  t h a t  t h e  j o b  of  a  r e p r e s e n t a t i o n  s y s r m  
i s  i n f e r e n c e ,  i n  two s e n s e s .  F i r s t ,  g i v e n  t h e  s e m m t i c s  of  t h e  
n o t  at i o n ,  some e c p r e s s i o n s  " f o l l o w  f r m ' h t h e r s ,  ( \$ha t  " f o l l o w  Erm" 
means v a r i e s  a  l o t . )  Second, an i m p l a e n t a t i o n  of t h e  n o t a t i o n  must 
s u p p l y  d g o r i t h m s  f o r  m m i p u l a t i n g  d a t a  s t r u c t u r e s  which s t a n d  f o r  
e x p r e s s i o n s -  t h e s e  d g o r i t h m s  c a r r y  ou t  a  s e t  of  i n f e r e n c e s  t h a t  



s h o u l d  match t o  some d e g r e e  t h e  i n f e r e n c e s  allowed by t h e  s a a n t i c s .  
The g e n e r a l  s t r u e m e  of  such  a  system is  as  i n  F i g u r e  I .  ( C f .  %brow 
and & o m  1975.) 

h p l  a en t  ed Represen t  a t  i o n  System 
The r e s t  

o f  (----- 3 Man- e r  <---) P) a t  a  b a s e  
t h e  progran 

M g u r e  1 S t r u c t a e  of  a  R e p r e s e n t a t i o n  S y s t m  

The r e s t  of  t h e  p r o g r m  uses  t h e  r e p r e s e n t a t i o n  system by asking t h e  
r n a n q e r  t o  s t o r e  f a c t s  i n  t h e  d a t a  b a s e ,  and t o  r e t r i w e  answers t o  
q u e s t i o n s .  The ansrslers a r e  i n f e r e n c e s  from t h e  s t o r e d  f a c t s ,  We can  
d i s t i n g u i s h  between i n f e r e n c e s  m d e  when f a c t s  a r e  s t o r e d  ( " e n t r y - t h e ' "  
i n f e r e n c e )  from i n f e r e n c e s  m d e  &en answers a r e  sough t  
( " r e t r i m  al-"ret8 i n f e r e n c e )  . 

It i s  n o t  u s e f u l  i n  t h i s  f i e l d  t o  d i s t i n g u i s h  p l a u s i b l e  from 
"necessary"  i n f e r e n c e ,  s i n c e  t h e  d a t a  a r e  always n o i s y .  Tz'e c a n ,  
h o w w e r ,  d i f f e r e n t i a t e  " f i rm" f r rc  ""specu la t ive"  i n f e r e n c e .  A -- f i r m  
i n f e r e n c e  i s  one  made e n t i r e l y  w i t h i n  t h e  r e p r e s e n t a t i o n  sys tem,  s u c h  
a s  r h e  i n f e r e n c e  f r m ,  "John l i v e s  i n  t h e  suburbs , "  t o  "John o m s  a 
c a r . "  A - s p e c d a t i v e  ----- i n f e r e n c e  i s  an i n f e r e n c e  made b y  t h e  
r e p r e s e n t a t i o n  sys tem,  but  passed back t o  t h e  r e s t  of t h e  p r o g r m  f o r  
r ev iew.  For e x a n p l e ,  from ""Joh has  blood i n  h i s  u r i n e , "  a 
r e p r e s e n t  a t i o n  system might i n f e r ,  "Perhaps John has  n e p h r i t i s  .'? The 
r e s t  of  t h e  progran must d e c i d e  whether t o  accept t h i s ,  on  t h e  b a s i s  of  
f u r t h e r  i n f e r e n c e s  o r  t e s t s  m d e  i n  t h e  r e a l  wor ld ,  Obvious1y, t h e  
s e n s e  of  "Eoll,om f r m x n "  t h a t  I s  invo lved  h e r e  i s  d i f f e r e n t  f r m  t h e  
u s u a l  one ,  and i s  l e s s  w e l l  unders tood.  (The d i s t i n c t i o n  between f i rm 
and s p e c d a t z v e  i n f e r e n c e  may b e  t h e  s a n e  as t h e  d i s t i n c t i o n  between 
18deduct iveP '  and "abduct ive"  i n f e r e n c e .  P o p l e  1973) 

Two o b s e r v a t i o n s  about M g u r e  I a r e  i n  o r d e r .  F i r s t ,  t h e  
a l g o r i t h m s  i n  t h e  d a t a - b a s e  manager,  w h i l e  t h e y  n a y  embody v e r y  complex 
knowledge, d o  n o t  t h m s e l v e s  r e p r e s e n t  mPnything ( u n l e s s  t h e r e  i s  
ano the r  r e p r e s e n t a t i o n  system h idden  i n  t h e  m a n q e r r ) .  For our 
p u r p o s e s ,  a  r e p r e s e n t a t i o n  system i s  more i n t e r e s t i n g  t h e  more f a c t s  
a r e  a c t u a l l y  r e p r e s e n t e d .  Second, t h e  e f f i c i e n c y  of  t h e  e n t i r e  progran 
depends o n l y  p a r t l y  on t h e  e f f i c i e n c y  of  t h e  r e p r e s e n t a i o n  system. 
For a m p l e ,  a problem s o l v e r  might  use  a v e r y  s e l e c t b e  r e p r e s e n t a t i o n  
system t o  r e t r i e v e  p o s s i b l e  a c t i o r ~ s ,  b u t  t h e n  use  then  i n  an e x h a u s t i v e  
way, 

t,%y d o  peop le  b o t h e r  t o  m i t e  p r o g r m s  w i t h  t h e  s t r u e c u e  of 
F i g u r e  1, when any g i v e n  chunk of  e x p e r t i s e  c a n  j u s t  b e  put i n  a  
p r o g r w ?  The o n l y  p o s s i b l e  readon i s  a  concern  w i t h  change i n  a 
prclgran's e x p e r t f s e  Th is  e m  b e  as modest as a  d e s i r e  f o r  e a s e  of 
e x p e r i m e n t x i o n  wi th  t h e  p rogra j i l ,  o r  il,r; m b i t i o u s  a s  a  d e s i r e  f o r  a 
t h e o r y  of  l e a r n i n g  - 

With t h e s e  o b s e r v a t i o n s  i n  mind, w e  might  expect  a 
k n o w l & g e r e e p r e s e n t a t i o n  system t o  b e  d e s c r i b e d  as f a l l o w s :  a d m a i n  
o f  f a c t s  and useful. i n f e r e n c e s  are s i n g l e d  out f o r  r e p r e s e n t s i o n -  



Then t h e  n o t a t i o n  of t h e  sys tem,  and i t s  s m m t i c s  i n  t h e  g i v e n  d m a i n ,  
a r e  s p e c i f i e d ;  t h e  r e a d e r  is  convine& of t h e  b r e a d t h  o f  t h e  system. 
N a l : ,  a l g o r i t h m s  a r e  g i v e n  f o r  c a r r y i n g  out i n f e r e n c e s  on machine 
r e p r e s e n t a t i o n s  of t h e  no t  & i o n s .  These a l g o r i t h q s  a r e  shown t o  
c m b i n e  r e a s o n a b l e  completeness  and sormdness (missed i n f e r e n c e s  and 
wrong i n f e r e n c e s  a r e  r a r e )  wfth  r e a s o n a b l e  e f f i c i e n c y ,  A n a l l y ,  F t  i s  
e x p l a i n &  how change i n  a  d a t a  b a s e  i s  managed. 

U n f o r t m a t e l y  we a r e  i n  most c a s e s  v e r y  f a r  f r m  being a b l e  t o  
c a r r y  t h i s  p r o g r a  o u t .  m e r e  a r e  unsolved t h e o r e t i c a l  problgns  a t  
e v e r y  s t e p -  So we must u s u d l y  s e t t l e  f o r  a  r e s u l t  of  one  o f  t h e  two 
f o l l o d n g  k inds  : 

(1)  A f r ~ m e n t  of a  n o t Z i o n ,  a semant ic  fr imework,  and/or  some 
d m  ain-independent i n f e r e n c e  dgor i thoas  . For e x m p l  e ,  someone might 
s q g e s t  a  not  = i o n  f o r  t d k i n g  about temporal  sequence and d u r a t i o n  of 
f a c t s ,  and d g o r i t h m s  f o r  e f f i c i e n t l y  p e r f o m i n g  an a p p a r e n t l y  
impor tan t  e l a s s  of i n f e r e n c e s  a c r o s s  t ime.  

( 2 )  A n o t  a t i o n  f o r  a  g i v e n  domain, and a set  of d g o r i t h m s  f o r  
performing some i n f e r e n c e s  on i t ,  An e x a n p l e  would b e  a 
c h e s s - h e u r i s t i c s  l anguage ,  p l u s  d g o r i t h m s  f o r  maki.ng a p p r o p r i a t e  
i n f e r e n c e s  about c h e s s  s i t u a t i o n s .  For a r e s u l t  of t h i s  kind t o  b e  
v a l u a b l e  t h e r e  s h o d d  b e  enough e x p e r i e n c e  with t h e  a lgor i thms  t o  show 
t h e i r  worth ,  

X a t i c e  t h a t  r e s u l t s  of rhe second kind u s u a l l y  draw on r e s u l t s  of 
t h e  f i r s t  kind W c h e s s - h e u r i s t i c s  l anguage  w i l l  p r o b & l y  r e q u i r e  
i n f e r e n c e  a c r o s s  t i m e ,  I n  g e n e r d  applying a  general .  r e s u l t  r e q u i r e s  
adding a l a r g e  v o c & d . a r y  o f  p r i m i t i v e  symbols ( c f .  Schank 19751,  and 
sRotY-ing t h a t  t h e  g e n e r a l  a lgor i thms  can h e  s p e c i a l i z e d  t o  t h i s  d m a i n  
e f f i c i e n t l y ,  

I n  t h e  r e s t  o f  t h i s  p a p e r ,  1 w i l l  s u r v e y  r e s u l t s  o f  b o t h  t h e s e  
t y p e s  , under  t h < ~  h e d i n g s  "Techni quesas and " 'Appl i c  at i o n s  ." The s m  ey 
i s  incomple te ,  because  of s p a c e  l i m i " c t i o n s ,  my i g n o r a n c e  ( e s p e c i d l y  
of European work),  and,  o f  c o u r s e ,  my p r e j u d i c e s .  In  g e n e r d ,  1 m a i d  
t h e  use  of p o p d a r  phrases  ( l i k e  " ' f r a n e ' h d  " 'production sys tan" )  which 
h w  e  become hope less1  y  mbiguous  . 

I1 Techniques --- 

R e s d t s  i n  this c l a s s  i n c l u d e  d i s c o v e r i e s  o f  new n o t  Z i o n s ,  t h e  
s m a n t i c s  of g e n e r a l  concep t s  l i k e  '' c ausePf "know and progr  anming 
t e c h n i q u e s *  The f i r s t  tw  kinds  have been s p a r s e ,  Rltho%h some 
c r n p 4 . d n . e ~  have been heard about t h e  n o t Z i o n  and s a m t i c s  o f  f o m d  
l o g i c ,  It remains t r u e  irhat almost all of t h e  working s y s t m s  a r e  based 
on  p r d i c a t e a r g t m e n t  ( ' \ r o p o s i t i o n d U 8 )  n o t a t i o n s ,  and t h a t  t h e r e  has 
b e e n  v e r y  l i t t l e  work on r d i c a l l y  new s e m a n t i c s  f o r  such  n o t b c i o n s .  



Lfost progress has been in the redm of implmenta"ion techniques 
pr opositiond systems, L T ~  princ~ple, a d ata-base manager c o d d  

.;tore a new face. in d a t a  structusPes atrite different f rm its external 
f o m .  (Sussma 1975) In prxt ice, there is usually a simple 
c orrcs;roiadexe betweert dac =base structures and  expression^, Inference 
techn~ques may t h t ~  be tholght of as operaring on expressions directly. 

One of the mast popular techniques is resolution. (Robinson 1965) 
T%is is the technique of retsiwing answers to a deductive question Q 
by chaining through rules of the form 

where rbe Q in the r ~ d e  on3 y h,as to unify with the Q in the question. - -- 
linificarion - is the process of finding substitutions for the variables 
in the two patterns which will make them equal; these substitutions 
are used i-n P"s to generate Pkub-questions," For exmple, given the 
stxment: 

the qrles t ion 

leds to the subquestion 

'L?aj> ""chaining" conrinimes until simple facts (like mLEWD(FRED, 
A arc reached; a conjtmctive subquest~sn is hand14 by 
grnerajtxnp answers (like y = FRANK) to o:3e conjmcir, and testing them 
a tht  others. If the searcki succet3(3s, the top-lare1 answer is 2: 

= eov. 

Me can use a similar mmify-md-detach scheme to infer Q from P->Q 
when P is added to the daabase by themanqger, This entry-time 
resolution is cal led  forward chaining. Retriw d - t h e  resolution is - - - - - - - -- 
t al led backward -- . - - - -- chaining, - Most systems allow the user to declare which 
way an Iq?pPir&ion is to be used* (Th"; say be thought of as a simple 
Ea~guag,?  for =pressing facts about how other expressions are to b e  
rrsed; ihese faces are not t'nmselves accessed Sy resolation, but 
affect ~87e wav expressions are indexed," See below,)  

Kesolut i o n  was publjclp condemned a few years ago, but it l i ved  on 
in the " A 1  lmqt.~ages'~ (&brow 'and Raphael ? l 9 7 4 ) ,  and has now become a 
sturdy tnnl in the A 1  kit, There are two main reasons for its quiet 
sL1cecr.s : 

\! ) it Is being applied only where it works efficiently, 
( 2  i 21 is used in conjur~ction wit5 s~phisticaCed "indexing0' 

t echni qees . 



Of these two, t h e  fFrst  i s  more i m p o r t a n t ,  e b e s t  e x m p b e  of 
t h i s  i s  t h e  MYCIN sys tm ( S h o r t l i f f e  1976), which cha in s  through 
d d u c t l ' v e r d e s  about i d e n t i f y i n g  b a c t e r i a l  i n f e c t i o n s .  In  MYCIN,  
r e s o l u t i o n  i s  l i m i t 4  i n  v a r i o u s  ways f o r  e f f i c i e n c y ,  In  p a r t i c u l a r ,  a 
m a j o r  source of c m p l a i t y  i n  r e s o l u t i o n  i s  i t s  re l iance on "generate  
and test"  as i t s  method f o r  a t tack ing  c o n j u n c t i v e g o d s .  I n  M U C I N ,  
t h i n g s  are arrangd so tha t  c o n j m c t s  never share  f r ee  va r i ab l e s ;  t h i s  
ensures t h a t  there  i s  at most  one answer t o  each con junc t .  There are 
o the r  clever s p e c i d i . z a t i o n s  used i n  ";is s y s t m ,  which migh t  b e  of use  
i n  other  s i t u a t i o n s  . 

In general. ,  r e s o l u t i o n  systms work p r o p e r l y  when t h e  
g e n e r a e a n d - t e s t  p rob lan  i s  n o t  al lowed t o  in te rac t  wi th  " r ecu r s ive  
rules," rules which can genera te  s u b g o d s  t h a t  u n i f y  w i t h  t he  same 
r d e s .  (See Moore 1975 f o r  a more thorough a n a l y s i s . )  For exanp le ,  any 
axiom s p e c i f y i n g  t h e  t r a n s i t i v i t y  o f  a r e l a t i o n ,  such  as 

can cause t r o u b l e ,  (Sometintes s u b q u e s t i o n s  can b e  caught b e f o r e  t h e y  
feed  b s k  th rough  t h e  o r i g i n a l  rule ,  See S h o r ' c l i f f e  1976, McDemott 
1977,  S h a p i r o  1977b. )  

Nowadays , all p r o p o s i t  i o n &  represent  & i o n  schmes are  '2ndexed ." 
(Warren and Pe re i ra  1977 ,  McDemott 1975, E k e s  and Eendrix 1977) Tha t  
i s ,  f a c t s  are not  arranged i n  some long  l i s t ,  bu t  are o rgan ized  by easy 
access f r m  t h e  smbols rha t  occur i n  them. That way ,  t h e  symbols i n  a 
ques t i on  can be  inspec ted  t o  f i n d  rules r e l evan t  t o  answering i t ,  One 
way t o  d o  t h i s  i s  t o  po in t  f r m  a symbol t o  t h e  f a c t s  whose conclusions 
i t  appears i n ,  

mW7.AL-STABILITU( FRED, LOV) 
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Rgure  2 S i m p l e  Invers ion  J n d a i n g  of Expressions 

Now, t o  answer a ques t ion ,  w e  use rules which are p o i n t e d  t o  by  
t h e  c o n s t  ants i n  i t  I n  p a r t  icul  ax, w e  want t o  re"ciev e any e x p r e s s i o n  
wbich, f o r  each c o n s t m t  i n  a g iven  p o s i t i o n ,  has either t h a t  cons tan t  
o r  a v a r i a b l e  f.n t h a t  p o s i t i o n ,  This d g o r i t h m  has retrieval time tha t  
depends  l i n e a r l y  on t h e  number of formu1 as eont  a in ing  t h e  q u e s t i o n  
symbols i n  t h e  giveen p o s i t i o n s .  ( S h a p i r o  1977a,  M k e s  and Eendr ix  
1 9 7 7 )  T w i l l  c a l l  t h i s  "simp1.e invers ionPg i n d e x i n g ,  s i n c e  t h e  d a t a  
s t r u c t u r e  depends  on back-poi-nters from syrnbols t o  f o m d  as. Other 



s y s t a n s  use  a  discrimirnnation-tree index s t r u c t u r e  (McDemott  1975 ,  
R i e g e r  1977 ,  E r n s t  and Newell 1949), i n  which t h e  fo rmulas  a r e  found at 
t h e  t e m i n d s  of a  t r e e  of d i s c r i m i n a t i o n s  on e o n s t  a n t s  found i n  a  
q u e s t i o n .  The access  t i m e  f o r  t h i s  a lgor i thm depends m a i n l y  on t h e  
s i z e  05 t h e  ques t ion .  

F igure  2 may r f n i n d  you of  " s m m t i c  networks," a d  it s h o u l d ,  I n  
some e a s e s  ( S h a p i r o  1 9 7 7 a ) ,  a  s m m t i c  network i s  no th ing  but an 
indgxing scheme f o r  r e s o l u t i o n ,  But t h e s e  networks a r e  b e t t e r  known 
f o r  t h e i r  use  of a  k ind of s e t - t h e o r e t i c  i n f e r e n c e .  " p r o p e r t y  
inher i t a rzce , '%ich  has r e c e n t l y ,  i n  t h e  hands of r e s e a r c h e r s  l i k e  
B r a e h a  (1977) Fahlrnan ( 1 3 7 8 ) ,  Hayes ( 1 9 7 7 ) ,  and Hendrix ( 1 9 7 5 ) ,  
become a  t e c h n i q u e  of sorne power, I w i l l  use  ~ a h l m a n "  s scheme as an 
i l l u s t r & i o n ,  Let us s a y  we wish t o  encode t h e  f a c t ,  

mRALL x (x I N  PERSONS -> 
(EXISTS (y z )  

( As\m ( y IN PERSONS ) ( z I N  PERSONS ) 
FATHER(x, y) MOTHER(x, z )  

~ O ~ S ( Y %  z ) ) )  

I n  FaMman's system, we index t h i s  as f a l l a w s  

I 
@ 

FRED ZELDA 

Figure 3 Short-Circuit Indexing 

which a l s o  i n c l u d e s  t h e  s t r u c t u r e s  f o r  "Fred i s  a person" and Ze lda  is  
R(3-3"~ mother." ( I  h w e  used t h e  usua l  a h b r e v i z i o n  conven t ion  f o r  
b i n a r y  r d - a t i o n s h i p s  t o  draw a  l i n k  f r m  f i r s t  a r g m e n t  t o  second 
a r g m e n t  l a b e l e d  wi th  t h e  r e l a t i o n ;  t h e  a c t u a l  l i s t  s t r u c t u r e s  a r e  t h e  
same as 31Sn F igure  2 , )  S o l i d  nodes w e  u n i v e r s a l l y  q u a n t i f i d  v a r i a b l e s ;  
open nodes a r e  o b j e c t  s y n b o l s ,  u r  m i s t r e n t i d l y  q u a n t i f i e d  variables 
when a  wavy a r c  p o i n t s  t o  a  dominating u n i v e r s a l ,  The doubleshaf t (3-3  
arrow i s  a  kind of e q u a l i t y :  "ZELDA - z ( R E D ) , "  when z  i s  t a k e n  as a 
S k o l a  f m c t  i o n .  

I n f e r e n c e  on t h i s  s t r u c t u r e  i s  n o t  done b y  u n i f i c a t i o n  and 
chafn ing  . b u ~  b y  a m a r k e y p r o p *  at i o n  scheme, To answer t h e  qctestaoil, 
"h%o does  R e d ' s  f a t h e r  love?  . ' 8  we s t a t  a t  "Fred " and mark t h a t  node 
and dl t h e  nodes t h a t  can  b e ' r e a c h e d  by fo l lowing  " I N "  l i n k s  t h i s  
m arks  "PERSONS ," Now we propag a t e  a rn ark a c r o s s  a  " FAmER" l i n k  from 
all u n i v e r s a l s  bound t o  marked s e t s ;  i n  t h i s  f r e m e n t ,  "y" w i l l  b e  
marked. Next a  mark i s  p r o p e a t e d  a c r o s s  "LOVE" a r c s  f rm  all 
p r w b u i l y - m a r k e d  ncdes i ; h i s g f v . v e s u s " z e P ~ l a  o r d e r t o g e t " Z E L D A , "  
we t a k e  advantage of an ingen ious  f e & u r e  o f  Fahlman's scheme: when 
" FRED" i s  n~ arked , t h e  l i n k  frcxn "ZELDA" w i l l  ac t  as a " s h o r t - c i r c u i t  



s o  marHng "z ' '  marks ""ZELDA'" w e l l .  

More d e t d l  on t h e  powers o f  t h i s  scheme can  b e  found i n  Fahlman 
(1978) .  N o t i c e  t h a t  t h e  s c h m e  requires s e a r c h  t h r o q h  s u p e r s e t s  of a  
node,  s o  it does  n o t  b e a t  o r d i n a r y  r e s o l u t i o n  except by some c o n s t a n t  
f a c e o r .  The marr ipula t ions  a t  each l e v e l  are s o  s i m p l e ,  howmer ,  t h a t  
t h i s  f a c t o r  c a n  b e  s ign i f i ean t r . ;  Fa'nlnan p o i n t s  ou t  t h a t  
s p e c i a l - p u r p o s e  hardware c o u l d  do t h e s e  s e a r c h e s  i n  p a r a l l e l ,  

Another p o i n t  t o  m &tke i s  t h a t  t h e  r e c r i w  a i  a lgor i thm causes  it t o  
appear as i f  t h e  l a r g e  s t r u c t u r e  su r ro~mdi ; lg  "'x'? i n  F igure  3 had been 
c o p i e d ,  w i t h  i t s  v a r i a b l e s  i n s t a n t t a t e d ,  s o  t h a t  t h e  copy hung on RED, 
The TN l i n k  i s  h e r e  f u n c t i o n i n g  as a  v i r t u a l  copy l i n k .  Th is  depends 

- - -- 
on t h e  f a c t  t h a t  d u r i n g  index s e a r c h  " s h o r t  c i r c u i t s "  a r e  e s t a b l i s h e d ,  
a n  t h e  one I~and between FRED and t h e  u n i v e r s a l s  i r  g e t s  bound t o ,  and 
on t h e  o t h e r  1 w d  between e x i s t e n t i d s  dependent o r  "ihose u n i v e r s a l s  
and ob j  e c t s  r l  1 a ted t o  FRED, This  problgn of copying and i n s t  a n t i a t i n g  
l a r g e  s e t s  of 1sr"ts wi th  l o c a l  v a r i d n l e s  ( l i k e  y and z )  is  r a t h e r  
import  a n t ,  Tech,r:i ques l i k e  FaNm an" s ( cf , a l s o  Moore 1975,  McDemott 
1975, and Gharniak 1977) a r e  u s e f u l  i n  s o l v i n g  t h i s  problem, whenwer  
s u c h  a  l a r g e  s e t  oc"<-~*rs on t h e  r ight-hand s i d e  of a s i m p l e  i m p l i c a t i o n  
l i k e  

FORATL x (x I" S -> . 'YISTS (y1 572 ...) ( , - . . ) ) I  

Another ~ e e h n i q r l ~  f o r  : f  t acking Chis problern i s  " s e q u e n t i d  
indexing." For r m p l e ,  i n  t h e  C A Y  system ( C u l l i n g f o r d  13781, t h e  s e t s  
o f  f a c t s ,  called --- s c r i p t s ,  -- a r e  of th;. f o m  

FORfiT, I; (x i s  a v e h i c l e  acc iden t  -> 
(EXISTS ( d r i v e r ,  v e h i c l e ,  obseac?  e ,  

m b u l m c e ,  . . . I  
( d r k  e r  d r i v e s  v ehic1.e) 

"ihen -- - 
( v e h i c l e  h i t s  o b s t  a c l e )  

t h e n  -- 
( d r i v e r  h u r t )  

t h e n  
- 

( ( a n b u l a n c e  comes) --- t h e n  ..-) 
or . . - 

( ( d r i v  e r  g e t s  worse) t h e n  * ,  ,) ) 

I n  t h i s  c a s e ,  t h e  s t a n d a r d  i n f e r e n c e  problwn i s ,  g i v e n  a v e h i c l e  
a c c i d e n t  and some sequence of merits, t o  i d e n t i f y  "cm with  some 
subsequence of even t s  i n  t h i s  s e t  (at t h e  s a x e  t i m e ,  i d e n t i f y i n g  
mentioned o b j e c t s  With t h e  p r d i c t d  s c r i p t  e x i s t e n t i d s ) .  In such an 
a p p l i c a t i o n ,  t h e  even t s  eo b e  processed come i n  i n  t h e  s a n e  o r d e r  as 
t h e i r  s c r i p t  counterpar-  a d  a  l i n e a r  s e a r c h  th rough  t h e  l i s t  is  
a c c e p t a b l y  e f f i c i e n t .  ( b b r o w  and W i n o g r d  1977 argue f o r  t h e  c e n t r a l  
impor tance  of t h i s  kind of i n f e r e n c e  p r o b l a ,  "matching" one s e t  of 
f a c t s  a g a i n s t  m o t h e r ,  where t h e  f a c t s  a r e  s t r u c t v r d  t o  make 
s t r a i g h t f o r w a r d  s e a r c h  p o s s i b l e . )  

This concludes  my s u r v e y  of t h e  l a t e s t  i n d a i n g  and s e a r c h i n g  
t e c h n i q u e s  It may s e a  s o m e h a t  s p o t t y ,  but  our  knowledge i s  q u i t e  
s p o t t y  i n  t h i s  a r e a .  To s m m a r i z e ,  h e r e  a r e  t h e  known techniques--  



> R e s o l u t i o n  ( o r  backward anct forward c h a i n i n g ) :  f o r  d e d u c t i o n s  wi th  
n o n - r e c u r s i v e  r u l e s .  

> Indexing ( o r  "obj ec t -cen te red  r e p r e s e n t  a t  ion") : f o r  e f f i c i e n t  
r e t r i w  al. of s i n g l e  e x p r e s s i o n s ,  

> S h o r t - c i r c u i t  i n d a i n g  ( o r  p r o p e r t y  i n h e r i t  ante) : f o r  random-access 
r e t r i e v  al f r m  an i n s t a n c e  ( " v i r t u a l  copy9" of a  l a r g e  c o n j u n c t i o n  of  
f o r m u l a s ,  when no backward c h a i n i n g  i s  r e q u i r e d ,  

> Sequen t%& i n d a i n g :  f o r  e f f i c i e n t  r e t r i e v a l  f r m  a  s e t  i n  
a p p l i c a t i o n s  where t h e  s e t  h a s  a n a t u r a l  o r d e r ,  

11. R Semant ics  .- - 

Now l e t ' s  l o o k  a t  a s l i g h t l y  h i g h e r  l ~ f ~ r e l ,  a t  e f f o r t s  t o  extend 
t r d i t i o n a l  semant ics .  The most impor tan t  work i n  t h i s  a r e a ,  i n  my 
o p i n i o n ,  i s  t h e  work of  Sussman, Doyle,  and t h e i r  c o l l e a g u e s  on 
non-monotonic l o g i c .  ( d e  Klee r  e t .  a l e  1977, Doyle 1977, See  a l s o  
McCarthy 1977,) A non-monotonic lor<; i s o n e  t h a c  al lows p r o v i s i o n a l  
i n f e r e n c e s  t h a t  may b e  wiped out by more comple te  i n f o r m a t i o n .  For 
e x a n p i e ,  we w i l l  want t o  assume t h t  a  p r o f e s s o r  has  a  Ph.D., because  
most d o ,  and suspending judgment i n  each c a s e  i s  expens ive ,  Al l  A 1  
p r o g r m s  d o  t h i s  k ind of i n f e r e n c e ,  and everyone r e a l i z e s  how impor tan t  
'"default" a s s ~ m p t i o n s  a r e ,  (Minsky 1975) However, u n t i l  r e c e n t l y  no  
one  had worked on some impor tan t  q u e s t r o n s :  ( 1  ) \\That i s  t h e  c l a s s  of 
legitrim a t e  non-monotonic i n f e r e n c e s ?  ( 2 )  How d o  you a c t u a l l y  a r r a n g e  
t h i n g s  s o  t h a t  f ea rn ing  more complete  inform a t  i o n  c a u s e s  o b s o l e t e  
i n f e r e n c e s  t o  h e  undone? The f i r s t  of t h e s e  q u e s t i o n s  i s  s e m a n t i c ,  t h e  
s e ~ o n d  i m p l m e m t . a t i o n d ;  more work h a s  been done on t h e  second ,  but: 
some thoughe has  been g i v e n  t o  t h e  f i r s t .  ( R r a n o s i l  1975,  McCarthy 
1977, McDemott and Doyle,  i n  p r o g r e s s )  

The a l g o r i t h m s  s t u d i e d  by S~iissman and Doyle a r e  c a l l e d  
non-monotonic d  a t  a-dependency s y s t m s .  The i n f e r e n c e  m aker keeps n o t e s  
t e l l  ing  what each i n f e r r e d  datum was i n f e r r e d  from, p l u s  t h e  d a t a  whose 
absence  was used i n  t h e  i n f e r e n c e .  (For  m a p l e ,  w e  might  h m e  'Wary 
i s  a  Pt-r,D," suppor ted  b y  t h e  p r e s e n c e  of "Hary i s  a  p r o f e s s o r , "  and t h e  
absence  of "Mary d o e s n ' t  h m e  a  Ph,D,") Every  t i m e  t h e  s t a t u s  of  a  
datum changes ,  t h e  s t a t u s e s  of t h e  d a a  t h a t  depend on it must a l s o  b e  
changed. I n  p r a c t i c e ,  i t  i s  p o s s i b l e  t o  i s o l  a t e  a s m a l l  s e t  of  d a t a  
whose s t z u s e s  c o d d  poss j -b ly  change ,  and analyze  t h i s  s e t  i n  l i n e a r  
t i m e .  (Doyle  9977) So dependency a n a l y s i s  i s  e f f i c i e n t  enough. 

The i n t e r e s t i n g  problems i n  t h i s  a r e a  f o r  b o t h  t h e o r y  and p r a c t i c e  
i r rvolve  c i r c u l a r i . t i e s  i n  deperrdencies.  I f  P can b e  proved from t h e  
u n p r m a b i l i t y  of  Q, and Q from t h e  m p r w a b i l i t y  o f  P, i s  e i t h e r  
p rnvab le?  (The answer i s ,  "No, bu t  you may want t o  b e l i e v e  one of them 
f o r  t h e  t i m e  be ing  * " )  

Another good p i e c e  of work on extending semant ics  i s  Moore's 
r e c e n t  (1977,  19781 work on t h e  semant ics  of t h e  e x p r e s s i o n ,  "pe r son  A 
knows p r o p o s i t i o n  P e n  His  t h e i  r b o ~ r o m  from t h e  work of  B i n t i k k n  
(1971 ) t h e  d e f i n i t i o n ,  "P -, t r u e  i.n aLI p o s s i b l e  worlds  compat ib le  
wi th  what A k n o w  ," ?loore ' s  coi L r i b u t i o n  is  t o  enccde t h i s  semant ic  



d e f i n i t i o n  i n  a f i r s t - o r d e r  l a n g u q q e ,  f o r  which  t h e  o r i g i n a l  knowledge. 
sC&mwentrs become o b j e c t s  t o  b e  m a n i p d a t e d d  That  i s ,  we i n t r o d u c e  t h e  
re . l '&ion K(pe r son ,  w4, w2) t o  mean, "'w2 i s  a p o s s i h l e  wor ld  as Far as 
p e r s o n  knows i n  w l , ' b n d  g i v e  t h e  axiom, "A A ~ l o w  P i n  wl i f f  P i s  t ru ta  
i n  a l l  wor lds  w2  s u c h  t h a t  K ( A ,  w l ,  ~ 2 ) ~ "  

%%.is a p p r o a c " n a s  two , A v a n t q e . z .  It p r o v i d e s  zil (>1eg.nit 
f r m e w o r k  f o r  r e p r e q e n t i n g  d i f  f i c d t  s t  c i t m e n t s  l i k e ,  " Fred doeqn' t 
know t h e  combina t ion  t o  Mary's s a f e , "  b v  s t ~ b s m i n g  Lhe s c o p j  ng of  
acqr ia in t  ance  ur~d e r  t  1 1 ~  qrlnnt i f i  er .;copi ng s u p p l i e d  bi7 Hint  ikka '  s 
d e f i n i t i o n ;  t h i s  s t  a t a n e n t  would g e t  e x p r e s s e d  a s ,  "'There e x i s t s  no  
clbj P C ~  s u c h  thri t  , i n  d 1 wor lds  cornpat i b l e  w i t h  what Fred knows, t h a t  
obi ect i s  t h e  combina t ion  t o  ~"iary 's  s a f e . "  Second ,  b y  c d l i n g  f ( ~ r  
ma~inipulat i o n s  I n  t h e  f i r s t - o r d e r  c d c r i l u s ,  t h e  approach  a l lows  us t o  
hope  t h a t  s t a n d a r d  imple-ientaizion t e c h n i q r l r s  will h e  a p p l i c a b l e .  

I I , C  New Notat  i o n s  -- - - - - - - - - - 

T h e r e  h a s n ' t  b e e n  s o  much work on no t  a t i o n s  o t h e r  "car1 t r r ' d i t i o n a l  
p r o p o s i t i o n a l  c o n s t r u c t s e  One a m p l e  i s  t h e  work o f  Funt ( 1 9 7 7 a , b )  oil 
a d i q r m m a t i c  n o t x i o n .  I n  t h i s  s y s t e m .  two-dimensional  v iews o f  
s c e n e s  a r e  r e p r e s e n t e d  b v  s e t s  o f  marks i n  a  two-dimensina l  a r r a y ,  A 
connec ted  b l o b  of  X ' s ,  f o r  i n s t a n c e ,  means ,  " 'Object X h a s  t h e  s a n e  
s h a p e  a s  t h i s  b l o b ,  and i s  l o c a t e d  at  t h e  r e d - w o r l d  p o s i t i o n  
c o r r e s p o n d i n g  t o  t h e  b l o b ' s  l oc , a t i3n , "  

YYY 
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F i g u r e  A O b j e c t  X and Ob jec t  U 

The sys tem makes i n f e r e n c e s  b y  per forming o p e r a t i o n s  on mark g r o u p s .  
For a m p l e ,  t o  i n f e r  t h a t  X w i l l  h i t  Y i f  it moves e a s t ,  t h e  sys tem 

9 m e s  X ' s  e a s t  one  s t e p  a t  a t i m e ,  l o o k i n g  f a r  a  c o l l i s i o n .  Funt 
d i s c u s s e s  s e v e r a l  k i n d s  o f  i n f e r e n c e .  S e e  a l s o  Koss lyn  and Schwar t z  
1977,  

1 I . D  M a n z i n g  i 3 a w e  i n  a  D a t a  Base - - - - - - - - - -- - - - 

The whole pu rpose  of  u s i n g  a  knowledge r e p r e s e n t  & i o n  s y s t m  is  t o  
a l l o w  c h a n , , e  t o  a  p r o g r a n ' s  h o w l e d g e  b y  j u s t  &tiding a  new f a c t .  Most 
r e s e a r c h e r s  t alce t h i s  f o r  g r a n t e d .  and s a y  l i t t l e  about  t h e  d i f f i c u l t  
probleras of a c a u i r i n g  and " ' d e b k g i n g "  f a c t s ,  One n o t a b l e  e x c e p t i o n  i s  
D a i s ' s  (1376, 1977) work on  a s s i r n i l X i n g  new r u l e s  i n t o  W C P N ,  H i s  
sys t em t r a n s l a t e s  r d e s  a c q u i r e d  f r m  an e x p e r t ,  and t e s t s  them by 
s e e i n g  i f  t h e ?  a c t u a l l y  s o l v e  t h e  p r o b l m s  t h e  e x p e r t  i n t e n d e d  them t o  
s o l v e .  
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e h a r n i a k  (1977)  has  s t u d i e d  a  n o t a i o n  f o r  = p r e s s i n g  f a c t s  about 
c a u s a l i t y  and p l a n n i n g ,  s u c h  a s ,  "Mary pai.nted a c h a i r , "  " A f t e r  
p a i n t i n g  something,  you wash your b rush , "  a d  "'Mot washing t h e  b r u s h  
would c a u s e  t h e  b r u s h  t o  become m a b s o r b e n t , "  The system i n f e r s  miss ing  
s t e p s  ( as C u l l i n g f o r d '  s d o e s )  , and d s o  i n f e r s  consequences  of  o m i t t i n g  
s t e p s .  Fac t s  about c a u s a t i o n  and p l m n i n g  come i n  s e t s ;  when a  c a u s a l  
p a t t e r n  o r  p l a n  i s  r e f e r r e d  t o ,  an i n s t a n c e  of i t s  cor respond ing  s e t  
become a c t i v e .  An a c t i v e  i n s t a n c e  b e h m e s l i k e  a v i r t u a l  c o p y ( i n  
FaNman's s e n s e )  of t h e  s e t " s  c o n t e n t s ,  

McDemott (3978)  has  a ~ m i n e d  t h e  domain of f a c t s  a  problem s o l v e r  
needs  t o  express  about i t s  own s t a t e ,  l i k e ,  "I h a v e  t h e g o a l  of 
c o u p l i n g  two e l e c t r o n i c  c i r c u i t s , "  and "When I an planninl:  t o  b i a s  
c i r c u i t s  and c o u p l e  t h e % ,  I s h o u l d  do  coup l ing  b e f o r e  b i a s i n g  ," T h i s  
s y s t m  uses  resolrxt.ion wi th  simp1 e  i n v e r s i o n  indexing t o  i n f e r  p l  ans 
f o r  c a r r y i n g  out t a s k s ,  

S a c e r d o t i ' s  (2977)  SOUP system expressed siroil a r  knowledge of 
p l a n s  f o r  h i s  NOAH problrrn s o l v e r .  The f a c t s  h e  cou ld  express  were of 
t h e  form,  "To put one b l o c k  on t o p  of  a n o t h e r ,  c l e a r  b o t h  b l o c k s ,  t h e n  
rnme one t o  t h e  o t h e r , "  The system i n f e r r e d  p l a n  s t e p s  us ing  s e q u e n t i a l  
index ing ;  i t  marched th rough  a  SOUP p l a n ,  i n s t a n t i a t i n g  s t e p s ,  

The main c r i t i c i - s m  t o  make of  dl t h e s e  r e s e a r c h e r s  i s  t h e i r  
i n a t t e n t i o n  t o  q u e s t i o n s  of  completeness  The p l a c e  where t h e y  a r e  
weakest i s  i n  r e p r e s e n t i n g  t i m e ,  They a l l  e l d m  t o  r e p r e s e n t  f a c t s  
about c a u s a l i t y  and p l a n n i n g ,  bu t  t h e y  don" t seem t o  extend r o b u s t l y  
beyond a  s m a l l  r a n g e  of i n f e r e n c e s  i n  t h i s  a r e a ,  For exanp le ,  none of 
them can  w e n  s a y ,  "Th i s  d e v i c e  ( o r  p lan)  w t l l  l o o p  f o r e v e r  i f  
symething i s n ' t  done  t o  s t o p  i t , "  Let a lone  i n f e r  i t  e f f i c i e n t l y ,  Many 
of  t h e i r  s y s t m s  have n w e r  d e a l t  wi th  d a t a  b a s e s  of r e a s o n a b l e  s i z e .  

Many o t h e r  domains have  been s t u d i d ,  There  i s  t h e  c l a s s i c  work 
by S h o r t h i f f e  ( 1 9 7 6 )  on a n t i b i o t i c  t h e r a p y ,  It uses  an unusual  form of 
backward cha in ing  ( s e e  above) t o  i n f e r  f a c t s  o f  t h e  form,  "It i s  b o r n  
with. c e r t a i n t y  f a c t o r  8 - 8  t h a t  t h e  i d e n t i t y  of organism-3 i s  
pseudmonas ."  It appears  t o  b e  a f a i r l y  comple te  n o t a t i o n  f o r  i t s  
d m a i n .  (The d e s c r i p t i o n  of  i t s  s h i m i o n s  i s  c l e a r e r  t h a n  f a r  most 
s y s t a s . )  

Bw i d  Barstow" s ( 1  877a,b)  PECOS p r o g r m  con t  a i n s  a  r e p r e s e n t  a t  i o n  
f o r  f a c t s  about r e f i n i n g  a b s t r a c t  p rograns  t o  L I S P  c o d e ,  f a c t s  l i k e ,  " A  
c o l l e c t i o n  may b e  r e p r e s e n t e d  2s a 1-Lst , ' b a d  '"'17 t y p i c a l  e l m e n t  of 
c o l l e c t i o n - 1  i s  a  s ~ b o l , "  The r e p r e s e n t a t i o n  system m a i n l y  r e t r i w e s  
r u l e s  f o r  use  by t h e  r e s t o f  t h e  sys tem,  btIt i t  d o e s  some s i m p l e  
backward c h a i n i n g .  m e  system inis f a i r l y  c m p l e t e ,  i f  f o r  a  somewhat 
o b s c u r e  d m a i n  of f a c t s ,  

Sussman and h i s  c o l l e s u e s  ( S t  dXmm and Sussman 2977, d e  U e e r  
e t .  al., 1977) ace  d w e l o p i n g  t h e  EL sys tem f o r  express ing  and - 
i n f e r r i n g  f a c t s  about e l e c t r o n i c  c i r c u i t s .  A t y p i c a l  f a c t  i s ,  "The 
c u r r e n t  i n t o  a r e s i s t o r  e q u a l s  t h e  c u r r e n t  out ."  The system i n f e r s  
t h i n g s  X-ike v o l t a g e  v d u e s ,  g i v e n  r e s i s t a n c e s  and o t h e r  v o l t  s g e  v  d u e s ,  
It uses  d i s c r i i n i n a t i - o n - t r e e  indexing, e n t r y -  and r e t r i w  d - t h e  
r e s o l  ut  i o n ,  and,  most i n t e r e s t i n g  , non-monotonic d  a t  a  dependenc ies  , It 
appears  t o  b e  v e r y  comple te  f o r  s p - ~ e s s i n g  f a c t s  about s t e a d y - s t a t e  



d e v i c e  s t a t e s ;  i t  d o e s a p t  h a n d l e  t i m e  o r  c a u s d i t y ,  

Kuipers  (1977a ,b )  has  w r i t t e n  a  progran t o  p e r f o m  i n f e r e n c e s  
abou"ipace.  H i s  i m p l a e n t  a t i o n  a l lows t h e  e x p r e s s i o n  of f a c t s  l i k e ,  
" C e n t r a l  Square  i s ' b e t w e e n  Harvard Square  and M I T , ' b a n d  "Imm Square  
i s  n i n e t y  d e g r e e s  away f r m  Karvard S q u a r e ,  w i t h  r e s p e c t  t o  Central. 
Square ,"  The main t e c h n i q u e  used i s  s i m p l e  i n v e r s i o n  i n d a i n g ,  and 
s e q u e n t i a l  ( h e r e ,  s p a t i a l )  a r r a n g a e n t s  of  l i s t s  o f  e x p r e s s i o n s ,  The 
i n f e r e n c e  r u l e s  a r e  t h m s e l v e s  n o t  r e p r e s e n t e d ,  bu t  a r e  p a r t  of  t h e  
L I S P  code  making up t h e  d a t a  b a s e  manager,  It i s  ha rd  t o  s a y  how c l o s e  
t h i s  work comes t o  b e i n g  a  comple te  s d u t i o n  t o  t h e  p r o b l m ;  t h i s  i s  a  
good p l a c e  f o r  f a r t h e r  work. 

There  a r e  rnany o t h e r  p r o g r m s ,  e i t h e r  new o r  improved,  which use  
r e p r e s e n t a t i o n  sys temss  For e x m p l e ,  Novaii (1977)  and d e  K l e c r  (1977)  
h w e  w r i t t e n  phys ics  problem s o l v e r s  which r e t r i e v e  " v i r t u a l  cop ies"  of 
chunks o f  knowledge l i k e  e q u a t i o n s  known t o  b e  u s s f i d  i.n f a m i l i a r  
s i t u a t i o n s .  TheWOSPECTOli sys tem of Hart. and Duda (1977)  makes 
s p e c u l  a t  i v e  i n f e r e n c e s  about m i n e r d  d e p o s i t s ,  u s i n g  forward- and 
backward-chaining r u l e s  i n d a e d  by BenJn-t-xf s ( 1 9 7 5 )  v e r s i o n  of 
s h o r t - c i r c u i t  i n d e x i n g .  Lenat '  s (1  977a,  b )  f s  y s t a  d i s c o v e r s  
m a t h m a t i c a l  concep t s  and c o n j e c t u r e s ,  b y  a  p r o c e s s  of i t e r a t e d  
s p e c d  a t i v e  I n f e r e n c e ;  h e  used i n v e r s i o n  i n d e x i n g  and p r o p e r t y  
i n h e r i t a n c e  on a n o t a t i o n  c o n t a i n i n g  a  s m a l l  v o c a b u l a r y  o f  p r e d i c a r e s  
( " ' f ace t s" )  and a  growing c o l l e c t i o n  of c o n c e p t s .  The Meta-DENDRAL 
p r o j e c t  (Buchanan and i f i t c h e l l  1978)  i s  s t u d y i n g  au tomat ic  i n d u c t i o n  of 
r u l e s  about what happens when complex molecu les  break a p a r t ,  

IV Conc lus ions  -- - - - --- - - 

Work on know1 edge r e p r e s e n t  a t  i o n  c o n t i n u e s  . Some i n t e r e s t i n g  
t e c h n i q i ~ e s  have been d i s c o v e r e d ;  some d m a i n s  have  been s o l v e d  t o  some 
d e g r e e *  

I would l i k e  t o  make twa s o r t s  of  recommendations f o r  f u t u r e  work 
i n  t h i s  a r e a ,  First, I t h i n k  t h e r e  a r e  c e r t a i n  p r o b l m s  t h a t  need more 
a t t e n t i o n  t h a n  t h e y  a r e  g e t t i n g ,  FTe need a good t h e o r y  o f  t i m e  and 
c a u s a l i t y ,  and an ef  f i c i e n t  h p l m e n ~ a t i o n  of i t ,  (McCarthy 1977) 
Resea rch  i n  t h i s  a r e a  c a n  go on o n l y  s o  l o n g  making i n t u i t i v e  
c l a s s i f i c a t i o n s  of t y p e s  o f  c a u s a t i o n .  We d . s o  need a  t h e o r y  o f  
s p e c u l a t i v e  i n f e r e n c e ,  e s p e c i a l l y  of  e x p l a n a t i o n .  What a r e  peop le  
l o o k i  ng f o r  when t h e y  s e e k  an e x p l a n a t i o n ?  k%en i s  an expl  m a t  i o n  
p l a u s i b l e  enough t o  b e  a s s w e d ?  \\%en a  c o n t r a d i c t i o ~ ~  o c c u r s  i n  t h e  
d a t a  b a s e ,  how h a r d  i s  i t  t o  e l i m i n a t e  i t  ( i , e . ,  f i n d  t h e  b e s t  set of  
changes  t h a t  makes t h e  d a t a  b a s e  c o n s i s t e n t ) ?  

Second, P wou2.d l i k e  t o  recommend a  t e m i n o l o g l e c d  r e f o m .  Thr-. 
phr ase  " r e p r e s e n t  a t i o n  of knowledgets 1s v  ague and m i s l e a d i n g .  ( For 
some v e r y  d i f f e r e n t  views o f  " b o w l e d g e  r e p r e s e n t a t i o n , "  s e e  b b r o w  and 
Winograd 1 9 7 7 ,  Hawkinson 1975,  Forgy and McDemott 1 9 7 7 ,  Kewit t  1975, 
and Schank and A b d s o n  1977,)  To many p e o p l e  i n s i d e  and o u t s i d e  A 1  i t  
conno tes  a s e a r c h  f o r  a  ' \hi l ,osopher\  s tone"  -- a  system f o r  
r e p r e s e n t i n g  an .vh ing ,  It c o n t a i n s  a  word, "knowledge," which i s  t h e r e  
o n l y  as a c o n j u r i n g  d e v i c e .  (What e l s e  c a n  you r e p r e s e n t  hut 
"knowledge7'?) S t u d e n t s  i n  AT a r e  t r a i n e d  by p h r a s e s  I.ike t h i s  i n t o  an 



a t t i t u d e  of cynic ism toward t h e  h o l e  f i e l d .  I p ropose ,  t h e r e f o r e ,  
t h a t  f r m  now on we c d l  it ' h o t  a t i o n d  eng ineer ing  ," and d e f i n e  i t  as 
t h e  s t u d y  of m ~ h a n i c d l y  (form a l l y )  m a n i p d  a b l e  not  & i o n s  f o r  obj  ects 
a d  f a c t s .  T h i s  s t u d y  i n c l u d e s  c l a s s i c a l  concerns  w i t h  s y n t a x  and 
s m a n t i c s ,  bu t  d s o  t a k e s  i n t o  account e f f i c i e n c y  and completeness  of 
i n f e r e n c e  a lgor i thms .  ( k a h i c  n m e r a l s  were  t h e  f i r s t  maj o r  d i s c o v e r y  
of  n o t  a t i o n d  e n g i n e e r i n g , )  I f  we c o n c e n t r a t e  on t h e s e  i s s u e s ,  we can  
l e a v e  f o r  l & e r  j d g m e n t  h e t h e r  what g e t s  r e p r e s e n t e d  i s  knowledge 
w i s d m ,  o r  l i e s ,  
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BEST-FIRST INTERPRETATION OF IlqPERFECT OBJECT CONTOURS 

B e r n d  Neumann 
F a c  h b e r e i c h  I n f o r m a t i k ,  U n i v e r s i t a e t  Hamburg 

S c h l u e t e r s t r .  7 0 8  D-2 Hamburg 1 3  

0. A b s t r a c t  

A s c e n e - a n a l y s i s  s y s t e m  i s  p r e s e n t e d  w h i c h  i d e n t i f i e s  o b j e c t s  by means 
o f  s t r a i g h t - l i n e  c o n t o u r  a p p r o x i m a t i o n s .  D e s c r i p t i o n s  o f  p r o t o t y p e s  a r e  
s t o r e d  i n  a  r e l a t i o n a l - m o d e l  d a t a b a s e .  S c e n e s  may b e  d i s t u r b e d  a n d  may 
c o n t a i n  o b j e c t s  w h i c h  a r e  p a r t i a l l y  o c c l u d e d  by a n o t h e r  o b j e c t .  A 
s e g m e n t a t i o n  a l g o r i t h m  e x t r a c t s  s t r a i g h t  e d g e s  b y  m u l t i d i r e c t i o n a l  
s a m p l i n g  o f  t h e  p i c t u r e  g r a d i e n t  m a t r i x .  I n t e r p r e t a t i o n  h y p o t h e s e s  a r e  
g e n e r a t e d  u s i n g  2 - s t e p  r e l a t i o n a l  m a t c h i n g -  A b e s t - f i r s t  s t r a t e g y  
s e l e c t s  t h e  f i n a l  i n t e r p r e t a t i o n  u s i n g  c o n s t r a i n t  f i l t e r i n g  f o r  
a m b i g u o u s  s i t u a t i o n s .  R e s u l t s  a r e  p r e s e n t e d  f o r  s c e n e s  c o n t a i n i n g  
c o n f i . g u r a t i o n s  o f  a r t i f i c i a l  s h a p e s  ( c a r d - b o a r d  p i e c e s )  a n d  r e a l - l i f e  
o b j e c t s  ( t o o l s ) .  They i n d i c a t e  t h a t  i n  s y s t e m s  d e s i g n e d  f o r  a p p l i c a t i o n  
o n e  s h o u l d  s o p h i s t i c a t e  i n t e r p r e t a t i o n  r a r h e r  t h a n  s e g m e n t a t i o n .  

Keywords:  s c e n e  a n a l y s i s p  i n t e r p r e t a t i o n ,  c o n t o u r  a p p r o x i m a t i o n 8  
o c c l u s i o n ,  c o n s t r a i n t  f i l t e r i n g -  

1. I n t r o d u c t i o n  

I n  s c e n e  a n a l y s i s  much a t t e n t i o n  h a s  b e e n  p a i d  t o  t h e  i n t e r p r e t a t i o n  
p r o c e s s  o v e r  t h e  l a s t  f ew y e a r s .  W h i l e  m o s t  o f  t h e  e a r l y  r e c o g n i t i o n  
p r o g r a m s  w e r e  e s s e n t i a l l y  o n e - l e v e l  w i t h  knowledge  c o n t a i n e d  i n  
t e m p l a t e s  a n d  h e u r i s t i c s l  i t  was r e a l i z e d  t h a t  a t  v a r i o u s  l e v e l s  o f  
a b s t r a c t i o n  v a r i o u s  s o r t s  o f  knowledge  h a v e  t o  b e  a p p l i e d  i n  o r d e r  to 
e x t r a c t  m e a n i n g  f r o m  r e a l - l i f e  s c e n e s  [I1 . Thus  new t e c h n i q u e s  had t o  
be ,  d e v e l o p e d  t o  r e p r e s e n t  knowledge  a n d  o r g a n i z e  m u l t i l e v e l  
i n t e r p r e t a t i o n .  

R e l a r i o n a l  d a t a  s t r u c t u r e s  p r o v e d  t o  b e  p a r t i c u l a r l y  u s e f u l  f o r  
d e s c r i b i n g  o b j e c t s  a n d  t h e i r  i n t e r r e l a t i o n s  1.21. A h i e r a r c h i c a l  
o r g a n i z a t i o n  may p e r m i t  e f f e c t i v e  m a t c h i n g  o f  u n i n t e r p r e t e d  s c e n e  d a t a  
t o  r e l a t i o n a l  m o d e l s  d e s c r i b i n g  known o b j e c t s  o r  o b j e c t  c o n f i g u r a t i o n s  
[ 3 1 e  

R e c e n t l y  a  d i f f e r e n t  v i e w  p o i n t  h a s  g a i n e d  i n c r e a s i n g  a c c e p t a n c e :  
Knowledge i s  i n t r o d u c e d  i n t o  t h e  i n t e r p r e t a t i o n  p r o c e s s  v i a  c o n s t r a i n t s -  
A c o n s t r a i n t  n a y  b e  employed  a s  a  f i l t e r  w h i c h  e l i m i n a t e s  h y p o t h e s e s  
v i o l a t i n g  t h a t  c c n s t r a i n t *  T h i s  t e c h n i q u e  a t t r i b u t e d  t o  W a l t z  I l Q l  h a s  
b e e n  s u c c e s s f u l l y  a p p l i e d  t o  s e g m e n t a t i o n  1 7 , 1 2 1  a s  w e l l  a s  h i g h e r - l e v e l  
p r o c e s s i n g  / B  I 121 . 

C o n f i d e n c e s  i n  a s s i g n i n g  i n t e r p r e t a t i o n s  may b e  u s e d  a s  a n  
a d d i t i o n a l  means o f  g u i d i n g  t h e  i n t e r p r e t a t i o n  p r o c e s s .  Yakimovsky a n d  
Fe ldman  I 9 1 1  employ  B a y e s i a n  m e t h o d s  f o r  c h o o s i n g  b e t w e e n  r e g i o n  
i n t e r p r e t a t i o n s .  W h i l e  a  s t r i c t  p r o b a b i l i s t i c  model  may n o t  a l w a y s  b e  
a p p l i c a b l e  t h e  g e n e r a l  i d e a  o f  f o l l o w i n g  a  p a t h  o f  m o s t  l i k e l y  
h y p o t h e s e s  h a s  b e e n  w i d e l y  a c c e p t e d r  s e e  f o r  e x a m p l e  [91. 

T h i s  c o n t r i b u t i o n  p r e s e n t s  a  s c e n e  a n a l y s i s  s y s t e m  w h i c h  u s e s  
t w o - l e v e l  r e l a t i o n a l  m a t c h i n g ,  c o n f i d e n c e  g u i d a n c e  a n d  c o n s t r a i n t  
f i l t e r i n g  t o  i n t e r p r e t  i m p e r f e c t  v i e w s  o f  o b j e c t  c o n f i g u r a t i c n s -  The  
s y s t e m  was d e s i g n e d  w i t h  t h e  i n t e n t i o n  t h a t  n e i t h e r  t h e  c l a s s  o f  
a d m i s s a b l e  s c e n e s  n o r  t h e  a m o u n t  o f  p r o c e s s i n g  r e q u i r e d  f o r  a n a l y s i s  
would p r e c l u d e  a n y  a p p l i c a t i o n .  F o l l o w i n g  t h i s  g u i d e l i n e  s c e n e s  h a v e  
b e e n  s e l e c t e d  where  o b j e c t s  may b e  r e c o g n i z e d  by s h a p e ,  i a e e  by  t h e  



e d g e s  w i t h i n  a n d  a r o u n d  a n  o b j e c t  v i e w ,  n e g l e c t i n g  g r a y  v a l u e  o r  t e x t u r e  
i n f o r m a t i o n .  P a s t  e x p e r i e n c e s  t h r o u g h o u t  t h e  s c e n e  a n a l y s i s  c o m m u n i t y  
s u g g e s t  t h a t  l o w - l e v e l  p r o c e s s i n g  o f  r e a l  s c e n e s  w i l l  o n l y  g i v e  
l o w - l e v e l  r e s u l t s  [ 4 1  r t h a t  i s t  w i l l  n o t  p r o v i d e  s e g m e n t a t i o n  i n t o  
m e a n i n g f u l  u n i t s -  T h u s  t h i s  s y s t e m  i s  e x p l i c i t l y  d e s i g n e d  t o  a n a l y z e  
i m p e r f e c t  s e g m e n t a t i o n s  p u t t i n g  t h e  b u r d e n  o n  h i g h - l e v e l  r a t h e r  t h a n  
l o w - l e v e l  p r o c e s s i n g -  T h i s  h a s  many a d v a n t a g e s .  F i r s t r  t h e  s y s t e m  i s  
e x p e c t e d  t o  show g r a c e f u l  d e g r a d a t i o n ,  s i n c e  t h e  i n t e r p r e t a t i o n  
a l g o r i t h n  i s  p r e p a r e d  f o r  s e g m e n t a t i o n  f a u l t s  ( a n d  w i l l  n o t  p r o d u c e  
r a n d o m  r e s u l t s )  - S @ c o n d l y ,  u s i n g  s i m p l e  s e g m e n t a t i o n  t e c h n i q u e s  o n  t h e  
a c c o u n t  o f  a  s o p h i s t i c a t e d  i n t e r p r e t a t i o n  s t r a t e g y  t e n d s  t o  r e d u c e  t h e  
o v e r a l l  c o m p u t a t i o n a l  e x p e n s e s  b e c a u s e  o f  t h e  r e d u c e d  d a t a  v o l u m e  i n  
h i g h - l e v e l  p r o c e s s i n g -  T h i r d l y ,  t h e  s y s t e m  may b e  c a p a b l e  t o  h a n d l e  a  
c o n s i d e r a b l e  a m o u n t  o f  s y s t e m a t i c  d e g r a d a t i o n  o f  t h e  s e g m e n t a t i o n  
r e s u l t s ,  e . g .  d u e  t o  p a r t i a l  o c c l u s i o n  o f  o n e  o b j e c t  b y  a n o t h e r  o r  
p e r s p e c t i v e  d i s t o r t i o n  o f  o b j e c t  v i e w s .  

S e c t i o n  2 c o n t a i n s  a  b r i e f  d e s c r i p t i o n  o f  t h e  s c r a i g h r - e d g e  f i n d e r  
w h i c h  i s  u s e d  f o r  s e g m e n t a t i o n .  T h e  a l g o r i t h m  ( w h i c h  a p p e a r s  t o  b e  new)  
u s e s  e x h a u s t i v e  s e a r c h  o n  a  g r a d l e n t  r r , a t r i x  a l o n g  8 d i f f e r e n t  
d ~ r e c  t i o n s .  

O b j e c t  m o d e l s  a r e  a l s o  s t r a i g h t - l i n e  c o n t o u r  a p p r o x i m a t i o n s  w i t h  
some a n g l e  i n f o r m a t i o n  e x t r a c z e d  f o r  m a t c h i n g .  T h e y  a r e  s t o r e d  i n  a  
r e l a t i o n a l  d a t a  b a s e .  A p a r t i c u l a r  m o d e l  s e r v e s  t o  r e c o g n i z e  a l l  
o b j e c t s  whose  c o n t o u r s  m a t c h  a f t e r  p r o p e r  t r a n s l a t i o n  r o t a  t i o n  a n d  
d i l a t a t i o n .  T h e  m o d e l  s t r u c t u r e  i s  d i s c u s s e d  i n  s e c t i o n  3.  

S e c t l o n  4 d e s c r i b e s  t h e  i n t e r p r e t a t i o n  a l g o r i t h m .  Two c o n f i d e n c e  
t h r e s h o l d s  a r e  u s e d  t o  d i s t i n g u i s h  b e t w e e n  h y p o t h e s e s  w h i c h  a r e  s a f e ,  
a c c e p t a b l e  h u t  u n s a f e r  a n d  n o t  a c c e p t a b l e .  W h i l e  s a f e  h y p o t h e s e s  a r e  
f i n a l  i n t e r p r e t a t i o n s r  t h e  medium c a t e g o r y  w i l l  t y p i c a l l y  c o n t a i n  
c a n d i d a t e s  w h e r ?  a n  i m m e d x a t e  d e c i s i o n  may b e  e r r o n e o u s .  A f t e r  
g e n e r a t i n g  a l l  h y p o t h e s e s  t h e s e  c a n d i d a t e s  a r e  r e c o n s i d e r e d  i n  t h e  o r d e r  
o f  d e c r e a s i n g  c o n f i d e n c e !  a c c e p t i n g  t h o s e  w h i c h  s t i l l  p a s s  t h e  l o w e r  
t h r e s h o l d  w h i l e  r e d u c i n g  t h e  c o n f i d e n c e  o f  c o n f l i c t i n g  h y p o t h e s e s .  

S e c r r o n  3 f r n a l l y ,  p r e s e n t s  r e s u l t s  o f  2 s c e n e s  c o n t a l n l n q  
c c n f i q u r a t ~ o n s  o f  p l a n e  s h a p e s  a n d  2 s c e n e s  w l t h  a s s o r t e d  t o o l s .  I n p u t  
d a t a  h a v e  s e e n  r e c o r d e d  by a n  o r d r n z r y  TV-cane ra .  

2. S e g m e n t a  t r o n  

T h e  s e g m e n t a t i o n  m e t h o d  u s e d  i n  t h i s  s y s t e m  e x t r a c t s  e d g e s  a s  a  b a s i s  
f o r  s u b s e q u e n t  i n t e r p r e t a t i o n .  S i n c e  e d g e s  a r e  e x p e c t e d  t o  f o r m  n e i t h e r  
a c c u r a t e  n o r  c o m p l e t e  o b j e c t  d e s c r i p t i o n s  t h e  a l g o r i t h m  g e n e r a t e s  o n l y  
s t r a i g h t - l i n e  a p p r o x i m a t i o n s  a n d  d o e s  n o t  a t t e m p t  t o  l i n k  e d g e s  t o  
c l o s e d  c o n t o u r s *  

I n  t h e  f i r s t  s t e p  t h e  o r i g i n a l  5 7 4  x  5 1 2  g r a y  v a l u e  p i c t u r e  (8 b i t s  
p e r  p i x e l j  I s  transformed i n t o  a  191 x  2 5 6  g r a d i e n t  m a t r i x  w i t h  
d i r e c t i o n a l  i n f o r m a t i o n  c o d e d  b y  4 b i t s  a n d  m a g n i t u d e  b y  i b i t  a f t e r  
t h r e s h o l d i n g .  I n  t h e  s e c o n d  s t e p  c o n s e c u t i v e  e d g e  e l e m e n t s  w h o s e  
d i r e c t i o n s  d i f f e r  by no m o r e  t h a n  o n e  q a a n t i z a t i o n  u n i t  (22.5 d e g r e e )  
a r e  c o m b i n e d  tc " s t r o k e s " .  T h i s  i s  a c h i e v e d  by p a s s i n g  o v e r  t h e  
g r a d i e n t  m a t r i x  8 times s a m p l i n g  t h e  e d g e  e l e m e n t s  a l o n g  8 d i f f e r e n t  
d i r e c t i o n s .  S i n c e  r e a l  e d g e s  may b e  c u r v e d  a n d  a r e  n o t  c o n f i n e d  t o  8 
d i r e c t i o n s r  s t r o k e s  o f  n e i g h b o r i n g  s a n p l i n g  l i n e s  t e n d  t o  o v e r l a p .  T h e y  
a r e  m e r g e d  i f  t h e y  c o n s t i t u t e  a s u f f i c i e n t l y  s t r a i g h t  e d g e ,  o t h e r w i s e  
t h e y  s t a y  s i n g l e *  2 i c t u r e s  3 - 6 s h o v  o r i g i n a l  s c e n e s  a n d  t h e i r  
s e g m e n t 5  t i o n s .  Ncte t h e  c i r c u l a r  s h a p e  i n  P i c t u r e  3a a n d  i t s  
a p p r o x i m a t i o n  a y  t a n g e n t i a l  e d g e  p i e c e s .  S i n c e  s t r o k e  f r n d i n g  a n d  
m e r g i n g  i s  c a r r i e d  o u t  x n d e p e n d e n t l y  fcs 8 d i r e c t i o n s r  t h e  t a s k  i s  
h i g h l y  s u i t e d  f c r  p a r a l l e l  p r o c e s s i n g .  



3 .  M o d e l s  

K n o w l e d g e  a b o u t  o b j e c t  s h a p e s  i s  c o n t a i n e d  i n  , a  m o d e l  d a t a  b a s e -  E a c h  
o b j e c t  m o d e l  i s  d e f i n e d  by a  m o d e l  e d g e  r e l a t i o n  MER w h i c h  l i n k s  
p a r t i c u l a r  e d g e s  t o  o b j e c t  names .  E a c h  e d g e  i s  r e p r e s e n t e d  by a n  e d g e  
i d e n t i f i e r  a n d  by s t a r t i n g  a n d  e n d  p o i n t  c o o r d i n a t e s .  E d g e s  a r e  
d i r e c t e d  i m p l y i n g  t h a t  t h e  d a r k e r  a r e a  i s  t o  t h e  r i g h t -  A s e c o n d  
r e 3 3 t i o n  MAR l i n k s  p a i r s  o f  c o n s e c u t i v e  e d g e s  t o  t h e  e n c l o s e d  a n g l e .  
T h i s  d o e s  n o t  a d d  new - i n f o r m a t i o n  b u t  p r o v i d e s  c l u e s  f o r  m a t c h i n g .  
F o r m a l l y  t h e  e d g e  r e l a t i o n  i s  

MER = [ ( o  e < x l  y l >  cx2  y29 9 1 
a n d  t h e  a n g l e  r e l a t i o n  i s  

MAR = j < a  e l  e 2  z 1 
w h e r e  t h e  s y m b o l s  d e n o t e :  

o b j e c t  name 
e r e l , e 2  e d g e  i d e n t i f i e r s  
a  a n g l e  
~ 1 ~ x 2  x - c o o r d i n a t e s  i n  g r a d i e n t  m a t r i x  
y l r  yZ y - c o o r d i n a t e s  i n  g r a d i e n t  m a t r i x  

M o t a b l e  f o r  t h e i r  a b s e n c e  i n  t h i s  m o d e l  d e f i n i t i o n  a r e  o t h e r  d e s c r i p t i v e  
f e a t u r e s  l i k e  e l o n g a t e d n e s s ,  s y m m e t r y  i n f o r m a t i o n r  number  o f  c o r n e r s ,  
e t c .  T h e y  a r e  n o t  e x p e c t e d  t o  b e  v e r y  u s e f u l  f o r  i d e n t i f i c a t i o n  b e c a u s e  
o f  t h e i r  s e n s i t i v i t y  t o  i m p e r f e c t  s e g m e n t a t i o n .  

A m o d e l  s e r v e s  t o  i d e n t i f y  a l l  o b j e c t s  w h o s e  s h a p e s  a r e  s i m i l a r  i n  
t h e  g e o m e t r i c  s e n s e .  T h e  e d g e s  o f  a  m o d e l  o b j e c t  d e s c r i b e  o n e  v i e w  f r o m  
w h i c h  a l l  o t h e r  v i e w s  m u s t  b e  c o m p u t e d  by t r a n s l a t i o n ,  p l a n e  r o t a t i o n  
a n d  d i l a t a t i o n -  A s e t  o f  s c e n e  e d g e s  i s  i d e n t i f i e d  a s  o b j e c t  o  i f  t h e r e  
i s  a  s i m i l a r i t y  t r a n s f o r m a t i o n  s u c h  t h a t  t h e  t r a n s f o r m e d  mode l  e d g e s  o f  
o  m a t c h  t h e  s c e n e  e d g e s .  Of c o u r s e p  t h e  m a t c h  n e e d  n o t  b e  e x a c t .  A 
c o n f i d e n c e  f u n c t i o n  e v a l u a t e s  t h e  d e g r e e  o f  e x a c t i t u d e  p e r m i t t i n g  many 
s c e n e  e d g e s  t c  a c c o u n t  f o r  o n e  m o d e l  e d g e  a n d  v i c e  v e r s a -  E s s e n t i a l l y ,  
t h e  o b j e c t  c o n f i d e n c e  i s  d e f i n e d  t o  be t h e  q u o t i e n t  o f  m a t c h i n g  e d g e  
l e n g t h  t o  t o t a l  e d g e  l e n g t h  w i t h  a  m a l u s  a s s i g n e d  t o  c o m p l e t e l y  m i s s i n g  
e d g e s *  An o b j e c t  m o d e l  may b e  g e n e r a t e d  by s i m p l y  v i e w i n g  a n d  
s e g m e n t i n g  a  p r o t o t y p e .  T h i s  s h o u l d  b e  d o n e  u n d e r  f a v o u r a b l e  c o n d i t i o n s  
t o  m i n i m i z e  p o s t e d i t i n g .  

4 .  I n t e r p r e t a r i o n  

A f t e r  s e g m e n t a t i o n  m e a n i n g  m u s t  be a s s i g n e d  ro e x t r a c t e d  e d g e s .  More  
p r e c i s e l y r  e d g e s  m u s t  b e  a s s o c i a t e d  w i t h  a n  o b j e c t  name o  a n d  t h e  
t r a n s l a t i o n r  r o t a t i o n  a n d  d i l a t a t i o n  p a r a m e t e r s  t ,  r r d o f  t h e  
c o r r e s p o n d i n g  mode? t r a n s f o r m a t i o n .  A q u a d r u p l e  c o  t r d >  i s  t e r m e d  
h y p o t h e s i s .  An i n t e r p r e t a t i o n  i s  t h e  r e l a t i o n  

I = [ < e o t r d > l  
l i n k i n g  s c e n e  e d g e s  t o  h y p o t h e s e s .  W h i l e  a  s i n g l e  h y p o t h e s i s  may 
n a t u r a l l y  r e c e i v e  a  c o n f i d e n c e  v a l u e  f r o m  m a t c h i n g ,  t h e r e  i s  n o  
s t r a i g h t - f o r w a r d  way t o  s e l e c t  t h o s e  h y p o t h e s e s  w h i c h  a s  a  w h o l e  
c o n s t i t u t e  t h e  i n t e r p r e t a t i o n  w i t h  h i g h e s t  c o n f i d e n c e .  T h i s  p r o b l e m  h a s  
b e e n  g e n e r a l l y  r e c o g n i z e d *  One a p p r o a c h  i s  t o  i n t r o d u c e  a d d i t i o n a l  
k n o w l e d g e  i n  t h e  f o r m  o f  c o n s t r a i n t s  a n d  u s e  r e l a x a t i o n  t e c h n i q u e s  t o  
f i n d  t h e  g l o b a l l y  b e s t  i n t e r p r e t a t i o n  t 8 1 .  T h e  a p p r o a c h  o f  t h i s  s y s t e m  
i s  d i f f e r e n t  i n  t h a t  i n s t e a d  o f  r e l a x a t i o n  a  f a s t  b e s t - f i r s t  me thod  i s  
u s e d .  A s  a  c o n s t r a i n t  i t  i s  r e q u i r e d  t h a t  e a c h  e d g e  may be a s s i g n e d  
o n l y  o n e  m e a n i n g ,  i . e a  may o n l y  be p a r t  o f  a  s i n g l e  o b j e c t .  

I t  i s  a s s u m e d  t h a t  some o b j e c t s  w i l l  b e  r e c o g n i z a b l e  b e y o n d  a l l  
d o u b t  a n d  w i l l  s u r v i v e  c o n f l i c t  t e s t i n g -  T h e  c o r r e s p o n d i n g  h y p o t h e s e s  
a r e  c a l l e d  s a f e  a n d  a r e  t a k e n  t o  b e  t h o s e  w i t h  a  c o n f i d e n c e  v a l u e  a b o v e  
a  c e r t a i n  u p p e r  t h r e s h o l d -  I m m e d i a t e l y  upon  d i s c o v e r y  t h e y  a r e  a c c e p t e d  
a n d  a l l  a s s o c i a t e d  s c e n e  e d g e s  a r e  r emoved  f r c m  f u r t h e r  c o n s i d e r a t i o n -  
Ambiguous  c o n f i g u r a t i o n s r  h o w e v e r p  a r e  a s s u m e d  t o  g i v e  r i s e  t o  
h y p o t h e s e s  w i t h  c o n f i d e n c e  v a l u e s  l o w e r  t h a n  t h e  u p p e r  t h r e s h o l d  b u t  



s t i l l  h i g h  e n o u g h  t o  p a s s  a  l o w e r  t h r e s h o l d  w h i c h  s e r v e s  a s  a  r e j e c t ~ o n  
l e v e l .  T h e s e  h y p o t h e s e s  a r e  c a l l e d  u n s a f e  w h i l e  a l l  t h e  res t  i s  
u n a c c e p t a b l e .  

U n s a f e  h y p o t h e s e s  a r e  c o l l e c t e d  a n d  o r d e r e d  according t o  
confidences- T h e y  a r e  e x p e c t e d  t o  o f f e r  alternative l n t e r p r e t a t l o n s  f o r  
c e r t a s ?  e d g e s .  T h e  l l s t  o f  a l l  u n s a f e  h y p o t h e s e s  r s  r e p e a t e d l y  
s u k 3 e c t e d  t o  t h e  f o l l o w x n g  3 - s t e p  p r o c e d u r e  u n t l l  n o  a c c e p t a b l e  
h y p o t h e s e s  r e r n a l n .  

( i )  C h e c k  f o r  c b n f l i c t  b e t w e e n  f i r s t  c a n d i d a t e  a n d  a n y  o f  t h e  r e s t -  
A s s i g n  c o n f l i c t i n g  e d g e s  t o  f i r s t  c a n d i d a t e  a n d  d e g r a d e  
c o n f i d e n c e  o f  o t h e r  c a n d i d a t e  a c c o r d i n g l y -  

( i i )  Remove f i r s t  c a n d i d z ~ : ~  f r o m  l i s t  a n d  i n c l u d e  it i n  
i n t e r p r e t a t i o n .  

( i i i)  R e o r d e r  l i s t  a c c o r d i n g  t o  c o n f i d e n c e s .  

T h i s  m e t h o d  may b e  t e r m e d  i t e r a t i v e  b e s t - f i r s t  a c c e p t a n c e .  I t  t e n d s  t o  
p r o d u c e  a n  i n t e r p r e t a t i o n  w h i c h  m a x i m i z e s  t h e  sum o f  t h e  s e l e c t e d  o b j e c t  
c o n f i d e n c e s .  A f o r m a l  a n a l y s i s  o f  t h e  e x a c t  b e h a v i o u r  o f  t h i s  a l g o r i t h m  
h a s  n o t  b e e n  a t t e m p t e d  up t o  t h e  t i m e  o f  t h i s  w r i t i n g -  

T h e  f o l l o w i n g  w i l l  g i v e  some i n d i c a t i o n  o f  how h y p o t h e s e s  a r e  
g e n e r a t e d e  F i r s t l  t h e  s e g m e n t a t i o n  r e s u l t s  a r e  s t o r e d  i n  a  r e l a t i o n a l  
f o r m  i d e n t i c a l  t o  t h e  m o d e l  s t r u c t u r e  e x c e p t  t h a t  no  o b j e c t  names  a r e  
a t t a c h e d  t o  e d g e s *  I n  p a r t i c u l a r ,  a l l  e d g e s  a r e  e n t e r e d  i n t o  t h e  s c e n e  
e d g e  r e l a t i o n  SER a n d  t h o s e  who f o r m  a  p a i r  w i t h  h e a d  a n d  t a i l  
s u f f i c i e n t l y  c l o s e  a r e  e n t e r e d  i n t o  t h e  s c e n e  a n g l e  r e l a t i o n  S A R -  Now 
t h e  t u p l e s  o f  SAR a r e  c o n s i d e r e d  o n e  a f t e r  t h e  o t h e r  f o r  a  p o s s i b l e  
a n g l e  m a t c h  w i t h  a n y  o f  t h e  t u p l e s  o f  MAR. M a t c h i n g  p a i r s  d e f i n e  o b j e c t  
name o  a n d  r o t a t i o n  a n g l e  r o f  a h y p o t h e s i s .  T r a n s l a t i o n  t a n d  
d i l a t a t i o n  d a r e  c a l c u l a t e d  on t h e  b a s i s  o f  t h e  m a t c h i n g  p a i r s  a n d  a 
t h i r d  s c e n e  e d g e  w h i c h  i s  c h o s e n  t o  m a t c h  w i t h  o n e  o f  t h e  r e m a i n i n g  
e d g e s  o f  t h e  o b j e c t  m o d e l .  A t  t h i s  p o i n t  t h e  t w o - l e v e l  b o t t o m - u p  
p r o c e d u r e  r e v e r s e s  a n d  a  top-down m a t c h  i s  p e r f o r m e d  by t r a n s f o r m i n g  a l l  
m o d e l  e d g e s  a c c o r d i n g  t o  t h e  p a r a m e t e r s  t r r r d .  A c o m p a r i s o n  w i t h  t h e  
a v d i l a b i e  s c e n e  e d g e s  y i e l d s  t h e  c o n f i d e n c e  v a l u e  o f  t h e  h y p o t h e s i s  
.co t r d > .  

T h e  s y s t e m  h a s  a n a l y z e d  many s c e n e s -  R e s u l t s  o f  4 t y p i c a l  s c e n e s  a r e  
shown i n  P i c t u r e s  3-6. S c e n e  1 ( 3 a i  i s  a  c o n f i g u r a t i o n  o f  c a r d - b o a r d  
p i e c e s  w i t h  a  m o d e s t  a m o u n t  o f  o c c l u s i o n .  A b o u t  6 9  e d g e s  w e r e  e x t r a c t e d  
( 3 b )  a n d  a b o u t  a s  many p a i r s  w e r e  f o u n d  f o r  t h e  a n g l e  r e l a t i o n  SAR- T h e  
i n t e r p r e t a t i o n  r e s u l t  i s  d e p i c t e d  i n  ( 3 c 9  s h o w i n g  t h o s e  s c e n e  e d g e s  (or 
p a r t s  t h e r e o f )  w h i c h  w e r e  f o u n d  t o  a g r e e  w i t h  a  m o d e l -  A l l  o b j e c t  
i n t e r p r e t a t i o n s  r e s u l t e d  f r o m  s a f e  h y p o t h e s e s  e x c e p t  P G T ( 2 )  a n d  
TRIANGLE(2).  C o m p u t a t i o n  t i m e  w a s  6C see f o r  s e g m e n t a t i o n  a n d  15 s e e  
f o r  i n t e r p r e t a t i o n  o n  a  DECsystem-10 w i t h  K I - p r o c e s s o r .  A l l  p r o g r a m s  
w e r e  w r i t t e n  i n  SAIL. 

S c e n e  2 ( 4 a )  s h o w s  a  c o n f i g u r a t i o n  w i t h  more  d i f f i c u l t  o c c l u s i o n -  
N o t e  t h a t  many e d g e s  a r e  n o t  v i s i b l e  a t  a l l  a n d  e d g e s  o f  s e p a r a t e  
o b j e c t s  a r e  m e r g e d .  A l l  o b j e c t s  were f o u n d  e x c e p t  o n e  o f  t h e  c r o s s i n g  
r e c t a n g l e s -  A p r o p e r  h y p o t h e s i s  h a s  b e e n  g e n e r a t e d  b u t  d i d  n o t  s u r v i v e  
s i n c e  t h e  o t h e r  r e c t a n g l e  d e p r i v e d  i t  o f  t h e  l o w e r  e d g e .  O n l y  
SQUARE/1) ,  SQUARE(2) a n d  TRIANGLE(1) were s a f e  h y p o t h e s e s .  A l a r g e  
number  o f  c a n d i d a t e s  w a s  g e n e r a t e d  r e s u l t i n g  i n  a n  i n t e r p r e t a t i o n  t i m e  
o f  32 sec. 

S c e n e s  3 a n d  4 ( 5 a 8 6 a )  show same  t a o l s  v i e w e d  f r o m  a b o v e .  Due t o  
r e f l e c t i o n P  t e x t u r e  a n d  s h a d o w s  many n o i s e  e d g e s  w e r e  g e n e r a t e d r  
e s p e c i a l l y  i n  s c s n e  4 -  A l l  o b j e c t s  were f o u n d  c o r r e c t l y  e x c e p t  



NEEDLEI11 i n  ( 6 c )  w h i c h  w a s  d l s e o v e r e d  w i t h i n  t h e  n o i s e  e d g e s  a t  t h e  
b o t t o m  of t h e  s c e n e *  I n t e - - p r e t a t i o n  time was 1 5  sec a n d  5 2  s e c t  
r e s p e c t i v e l y .  

, A  c o r n p a r i s o n  w i t h  t h e  work  o f  P e r k i n s  161 i n d i c a t e s  t h a t  s i m i l a r  
resul ts  rnay b e  o b t a i n e d  u s i n g  a  d i f f e r e n t  a p p r o a c h .  P e r k i n s  a n a l y z e d  a  
s c e n e  w i t h  5 o v e r l a p p i n g  o b j e c t s  [ m a c h i n e  p a r t s )  i n  1 5  sec c n  a  IBM 
370/168 u s i n g  c u r v e d  c o n t o u r  p i e c e s  a s  d e s c r i p t i v e  f e a t u r e s .  

I n  c o n c l u s i o n ,  t h e  s y s t e m  p r e s e n t e d  i n  t h i s  p a p e r  shows 
c o n s i d e r a b l e  i m m u n i t y  a g a i n s t  s e g m e n t a t i o n  i m p e r f e c t i o n s  a n d  y e t  o b t a i n s  
r e s u l t s  i n  r e a s o n a b l e  t i m e .  T h e  p e r f o r m a n c e  i s  L a r g e l y  d u e  t o  a c a r e f u l  
d e s i g n  o f  t h e  i n t e r p r e t a t i o n  p r o c e s s .  ~t i s  s u g g e s t e d  t h a t  a  
c o m b i n a t i o n  o f  s i m p l e  s e g m e n t a t i o n  w i t h  s o p h i s t i c a t e d  i n t e r p r e t a t i o n  may 
b e  u s e f u l  e l s e w h e r e .  

Hardware  a n d  s o f t w a r e  s u p p o r t i n g  t h i s  work h a v e  r e s u l t e d  f r o m  t h e  
combined  e f f o r t s  o f  R . B e r t e l s m e i e r p  P . C o r d ,  I . H e e r ,  H.Kemenr He-HeMagelp 
B-Neumann a n d  B .Radig-  
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Many of t h e  e r r o r s  t h a t  occur  i n  c h i l d r e n ' s  s u b t r a c t i o n  a r e  due t o  the 
u s e  of i n c o r r e c t  s t r a t e g i e s  r a t h e r  t h a n  t o  t h e  i n c o r r e c t  r e c a l l  of  
n u d e r  f a c t s .  A p r o d u c t i o n  sys tem i s  p r e s e n t e d  f o r  c a r r y i n g  o u t  two- 
column s u b t r a c t i o n  u s i n g  t h e  method of decomposi t ion,  We show t h a t  
m n y  of t h e  i n c o r r e c t  s t r a t e g i e s  used by s c h o o l c h i l d r e n  can b e m o d e l l e d  
a s  t h e  consequences of s imple  changes t o  t h i s  p r o d u c t i o n  system,  such 
a s  t h e  omiss ion of i n d i v i d u a l  r u l e s  o r  t h e  a d d i t i o n  of r u l e s  a p p r o p r i a t e  
f o r  o t h e r  a r i t h m e t i c a l  t a s k s ,  

I n t r o d u c t i o n  

We p r e s e n t  an  a n a l y s i s  o f  v a r i o u s  c o r r e c t  and f a u l t y  s t r a t e g i e s  f o r t w o -  
column s u b t r a c t i o n ,  A t  one t ime c h i l d r e n ' s  e r r o r s  i n  s u b t r a c t i o n  were 
l a r g e l y  a t t r i b u t e d  t o  f a i l u r e  t o  remember ' s u b t r a c t i o n  f a c t s '  c o r r e c t l y  
( e , g ,  9 - 7  =2). Other  c a u s e s  of e r r o r  g e n e r a l l y  recognised  ( s e e D o m e s  
& P a l i n g ,  1958) i n c l u d e d  f a u l t y  s e t t i n g  o u t  of examples, c a r e l e s s n e s s ,  
f a t i g u e  and l a c k . o f  c o n c e n t r a t i o n ,  Thyne (1954) i n  h i s  c a r e f u l  and 
d e t a i l e d  texonomy of e r r o r s  i n  a r i t h m e t i c  c l e a r l y  demonstra ted t h a t  
what was o c c u r r i n g  was a  f a i l u r e  i n  t h e  process of recalling o r  deter-  
m2nin.g t h e  f a c t s ,  Var ious  models f o r  r e c a l l  (Slaman, 1973) and 
d e t e m i n a t i a n  (Woods & H a r t l e y ,  1971; Woods', Resnick & Groen, 1975) of 
number f a c t s  have been advanced, But c a r e f u l  a n a l y s i s  of t h e  e r r o r s  
i n  computat ion shown by i n d i v i d u a l  p u p i l s  ( s e e  Lankford,  1977) f o r c e s  
t h e  c o n c l u s i o n  t h a t  many e r r o r s  r e s u l t  from a  f a i l u r e  i n  t h e  process of 
executing t h e  s u b t r a c t i o n  r a t h e r  t h a n  from c a r e l e s s n e s s  o r  d e f e c t i v e  
number f a c t s ,  These e r r o r s  f a l l  i n t o  q u i t e  c l e a r  p a t t e r n s  and con- 
teznporary workers  i n  e d u c a t i o n  a t t r i b u t e  them t o  t h e  u s e  of 'e r roneous  
a l g o r i t h m  ' (Ashlock,  1976) , 

This  paper  i s  an a t t e m p t  t o  p r e s e n t  such e r roneous  a l g o r i t h m s  i n  an  
e x p l i c i t  form, We w i l l  p r e s e n t  a model f o r  c o r r e c t  s u b t r a c t i o n  i n t h e  
form o f  a  s e t  of r u l e s ,  D i f f e r e n t  k i n d s  of e r r o r  w i l l  be  accounted 
f o r  by t h e  omiss ion of v a r i o u s  r u l e s  from t h i s  s e t .  

Methods f a r  s u b t r a c t i o n  

C h i l d r e n  a r e  t a u g h t  two main methods f o r  c a r r y i n g  o u t  multi-column 
s u b t r a c t i o n  (Wil l iams,  1971) .  f n  b o t h  methods t h e  numbers t o  b e  
s u b t r a c t e d  a r e  w r i t t e n  one beneath  t h e  o t h e r  w i t h  t h e  cor responding  
d i g i t s  a l i g n e d :  

e . g ,  7 4 (+ minuend) M2 M I  

- 2 8 ( + s u b t r a h e n d )  - S 2  S 1  

(+ d i f f e r e n c e )  D2 D I  



and i n  b o t h  methods t h e  c o l u m s  a r e  p rocessed  i n  o r d e r  from r i g h t  t o  
L e f t ,  They d i f f e r  o n l y  i n  t h e  t e c h n i q u e s  used f o r  '%orrowing", i , e ,  
when t h e  sub t rahend  d i g i t  (S) i s  g r e a t e r  t h a n  t h e  minuend d i g i t  above 
i t  (M) , (S > M) , I n  e i t h e r  c a s e ,  a  ' ken t9  i s  "borrowed" from t h e  
column t o  t h e  Hef t ,  thus  i n  t h e  e x a q l e  above MI = 4 i s  t r e a t e d  a s  1 4 ,  
I n  t h e  method of decomposition t h i s  t e n  i s  payed back  by decrement ing 
t h e  d i g i t i n  t h e  minuend, t h u s  M2 = 7  becomes 6.  I n  t h e  equal addition 
method t h e  paying back i s  done by inc rement ing  t h e  d i g i t  i n  t h e  s u b t r a -  
hend: t h e  S 2  = 2  would b e  t r e a t e d  a s  3 ,  

E r r o r s  i n  s u b t r a c t i o n  

F i g u r e  l shows e i g h t  examples o f  i n c o r r e c t  s u b t r a c t i o n  sums, These 
a r e  t aken  from B e n n e t t ' s  (1976) a n a l y s i s  of t h e  e r r o r s  i n  1360 sub- 
t r a c t i o n  sums done by 1 0  y e a r  o l d s .  S i m i l a r  examples a r e  found i n  
o t h e r  a n a l y s e s  ( e ,  g ,  Lankford ,  1373) . 

F i g u r e  1: Examples of  s u b t r a c t i o n  e r r o r s  

Example A i s  a  v e r y  c o m o n  type  o f  e r r o r  where t h e  s t u d e n t  does n o t  
borrow b u t  j u s t  t a k e s  t h e  d i f f e r e n c e  of t h e  two d i g i t s  i n  each  column, 
I n  example B t h e  s t u d e n t  h a s  m e n t a l l y  added 10 t o  t h e  minuend on t h e  
r i g h t  b u t  h a s  n o t  payed i t  back ,  I n  example C t h e  s t u d e n t  hasbor rowed  
when i t  was n o t  a p p r o p r i a t e  ( i , e ,  M I  > S1) t h e n  having t a k e n  t h e  
d i f f e r e n c e  of 18 and 5 h a s  d e a l t  w i t h  t h e  'ten-in t h e  r e s u l t  of 1 3  by 
c a r r y i n g  i t  i n t o  t h e  second column. Car ry ing  i s  of c o u r s e  n o t  normal ly  
a  s t e p  i n  s u b t r a c t i o n ,  and i t s  consequence i s  t h a t  t h e  answer i s  20 t o o  
low ( s i n c e  t h e  second column h a s  e f f e c t i v e l y  been "borrowed from" twice ,  
b o t h  t imes u n n e c e s s a r i l y ) ,  I n  example D t h e  s t u d e n t  h a s  aga inper fo rmed  
an  i n a p p r o p r i a t e  borrow and t h e n  c a r r i e d ,  I n  t h i s  e a s e  t h e  d i g i t s  i n  
t h e  l e f t -hand  column d i f f e r  by one ( i  a e ,  M2 = S2 + I ) ,  SO t h e  slrbtrahend 
p l u s  c a r r y  i s  now g r e a t e r  t h a n  t h e  minuend minus borrow, T y p i c a l l y , a s  
i n  t h i s  c a s e ,  t h e  s t u d e n t  s imply t a k e s  t h e  s m a l l e r  d i g i t  from t h e  l a r g e r  
y i e l d i n g  a d i f f e r e n c e  of '1' which i s  " c o r r e c t "  though f o r  t h e  wrong 
r e a s o n ,  Example E i s  p r o b l e m a t i c a l  s i n c e  p a r t s  of b o t h  t h e  e q u a l  
a d d i t i o n s  and t h e  decomposi t ion me'thods s e e n  t o  have been used b u t  a s  i n  
example A t h e  r e s u l t  i n  t h e  r ight-hand column seems t o  have been d e r i v e d  
by s imply  t a k i n g  t h e  d i f f e r e n c e  of t h e  two d i g i t s ,  Tn example F t h e  
method of  paying back from e q u a l  a d d i t i o n s  and t h e  method from decom- 
p o s i t i o n  seem b o t h  t o  have been a p p l i e d  and t h e  r e s u l t i n g  nunibers i n t h e  
t e n s  column added, Example G i s  s i m i l a r  e x c e p t  t h a t  t h e  d i f f e r e n c e  
between the  r e s u l t i n g  numbers i n  t h e  t e n s  column h a s  been t a k e n ,  



Example H includes a comon type of subtraction fact error (14 - 9 = 6 ) .  

Our analysis will nake no attempt to account for the common errors in 
number facts such as those that occur with 9s (result often wrong by 
+I) or with 0s (0-7=O or '7). - 
Production systems 

Our analysis will make use of a form 01 information processing model 
known as a ;rodue~ioiz sdstern, A productiorz system (PS) consists of a 
collection of rules (C --> A), whose lef~-hand sides consist of 
conditions C which specify when the right-hand side actions(s) A are 
meant to apply. PSs were introduced as psychological models byNewell 
and Simon (1972) who used them to model the behaviour of adults solving 
certain kinds of puzzles, Since then, they have been used as amedium 
for expressing theories of various topics in cognitive psychology 
i X n d ~ r ; o n ,  1976; RLahr & Kallace, 19761, The modularity of the 
individual rules makes PSs especially suitable for describing the 
learningofa skill, since its growth can be modelledby the acquisition 
of new rules (Young, 19761, Our previous work using PSs for sub- 
traction showed too that they offer a natural way to model the way that 
subtraction behaviaur often consists of a mixture of different strate- 
gies (Young, 1977) 

Production system conventions 

The production systems we use follow the conventions of the OPS PS 
architecture (Forgy & McDermott, l377), The architecture has three 
parts : 

(a) A working memory (Wbl), which is simply a set of elements such as 
(S Eq '1) 3- (RESULT 5) The elements are regarded as being 
unordered, though they are implicitly tagged with the time at which 
they were asserted (i,e, added to the !\?I), The bT1 is a strict set: 
no element can appear more than once, 

(b )  A production memory (PM), which holds a collection of production 
rules. The left-hand side of each rule is a conjunction of 
patterns which have to match against distinct elements of W ? I e  The 
right-hand side consists of a sequence of actions to be taken or 
items to be added Lo hTf, Example are given below* The rulesare 
regarded as being unordered, though in the case of a growing PS, 
OPS keeps note of the order in which the rules are added to the 
sys tern. 

(c) A confZict resoluk ion  method which specifies which rule is to be 
fired when more than one is applicable, OPS interprets a PS by 
repeated execution of a recognise-act cycle, The interpreter 
first finds which rules currently have their LNSs satisfied, 
These rules are potential candidates for firing, and form the 
conflict set, The conflict resolution method is applied to the 
conflict set to discard all butone of the rules in ir, That one 
remaining rule is then "fired", i,e, its M S  is obeyed, and then 
the cycle repeats, OPS rakes use of the following principles (for 
further justification, see McDermott & Torgy, 3 9 7 8 ) :  

(i) Refractoriness: No rule is ever fired nmre than once 
matched to the same elements in W l ,  
(ii) Recency i~ W:: Rules whose LWSs match more recenr: elements 



i n  WM knock o u t  r u l e s  t h a t  m t c b  only o l d e r  e lements .  
( i i i )  S p e c i a l  c a s e :  I f  r u l e  R I  matches a l l  rhe  e lements  t h a t  R2 
does ,  and more b e s i d e s ,  t h e n  R 1  i s  a  specCal case of R 2 ,  and R2 i s  
d i s c a r d e d ,  
( i v )  Recency I n  PM: I f  a f t e r  applying principles ( i ) - ( i i i )  t h e r e  i s  
s t i l l  more t h a n  one r u l e  l e f t  i n  t h e  c o n f l i c t  s e t ,  t h e n  OPS 
d i s c a r d s  a l l  b u t  t h e  one most r e c e n t l y  added t o  t h e  system. 
(v> : I f  t h e r e  i s  s t i l l  more t h a n  one r u l e  i n  
t h e  c o n f l i c t  s e t ,  t h e n  OPS s imply p i c k s  one a r b i t r a r i l y ,  

As an  i l l u s t r a t i o n ,  F i g u r e  2 shows a  s imple  PS f o r  c a r r y i n g  o u t  t h e  
b a s i c s  of two-colum s u b t r a c t i o n  u s i n g  the  decomposi t ion t echn ique  f o r  
borrowing,  

Figure 2: P a r t i a l  PS for s u b t r a c t i o n  by decomposi t ion 

TS ( (PROCESSCOLLW) --3 (TAKEDIFF) ) 
B2A ( ( S  GTR M) --> (BORROW) ) 
BSl ((BORROW) ---> (CROSSOUT) ) 
BS2 ((BORROW) -->. (DECREMENT) ) 
BS3 ((BORROW) ---> CmDTENTOM) ) 
GM ( (PROCESSCOLmm) --> [COT"IPABF) ) 
DTD ((TAKEDIFF) --> (90 TMDTFF))  

Th is  PS demons t ra tes  t h e  e s s e n t i a l s  o f  t h e  s u b t r a c t i o n  p r o c e s s ,  
e s s e n t i a l s  t h a t  a r e  s h a r e d  by t h e  more complete PSs w e  w i l l  b e o f f e r i n g  
l a t e r .  The Labels down t h e  l e f t -hand  colum a r e  s imply t a g s  t o  a l l o w  
us t o  r e f e r  t o  t h e  i n d i v i d u a l  r u l e s ,  and p l a y  no p a r t  i n  t h e i r  a c t u a l  
f u n c t i o n i n g ,  T o  c o n s i d e r  t h e  r u l e s  b r i e f l y  i n  t u r n :  

Rule TS says  t h a t  an  a p p r o p r i a t e  response  t o  t h e  g o a l  of sub- 
t r a c t i n g  two ( s m a l l )  numbers i s  t o  s e t  up t h e  subgoal  of app ly ing  
t h e  a c t i o n  o f  TakeDiff t o  them, i , e ,  t h e  a c t i o n  of f i n d i n g  t h e  
a b s o l u t e  d i f f e r e n c e  between them* 

Rule B2A i n d i c a t e s  t h a t  i f  t h e  sub t rahend  d i g i t  i s  g r e a t e r  t h a n  
t h e  minuend d i g i t  - (S GTR Y) i s  one of t h e  p o s s i b l e  o u t p u t s  o f  
t h e  Conrpare o p e r a t o r ,  a s  w e  w i l l  s e e  below - t h e n  t h e  a p p r o p r i a t e  
response  i s  t o  perform a  Borrow, 

Rules  BS1,  BS2 and BS3 s p e l l  o u t  t h e  components of Borrowing, 
BSl and BS2 a r e  r e s p o n s i b l e  f o r  cross ing-out  and decrement ing t h e  
d i g i t  borrowed from, e i t h e r  p h y s i c a l l y  on paper  o r  j u s t  " i n  t h e  
head", w h i l e  BS3 adds "ce borrowed t e n  t a  t h e  minuend d i g i t ,  

Rule CM says  t h a t  an  a p p r o p r i a t e  behav iour  f o r  s u b t r a c t i n g  a 
column i s  t o  Cornpare i t s  two d i g i t s ,  Compare d e p o s i t s  i n  tJPl an  
e lement  i n d i c a t i n g  t h e  r e l a t i v e  s i z e s  of t h e  sub t rahend  and 
minuend d i g i t s ,  one of (S LESS M), (S GTR M) o r  (S EQ M), We 
assume t h a t  CM i s  a p roduc t  of a  c h i l d "  t r a i n i n g  i n  m u l t i - d i g i t  
s u b t r a c t i o n  and i s  t h e r e f o r e  a c q u i r e d  l a t e r  t h a n  r u l e  TS, 

F i n a l l y ,  r u l e  DTD i s  r e s p o n s i b l e  f o r  t r a n s l a t i n g  t h e  subgoa l  o f  
TakeDiff i n t o  a c t i o n ,  

The e a s i e s t  way t o  unders tand t h e  f u n c t i o n  of t h i s  Lit t le  PS i s  t o  
t r a c e  i t s  behav iour  on an  a c t u a l  problem, F i g u r e  3 s u m a r i s e s  i t s  



behaviour. We assme that a child is faced with the problemwe saw 
earlier 

7 4 

- 2  8 

and that his attention is focussed on the first (RH) column, initially 
we assume his W'l4 to contain just one relevant item, the symbol 
(PROCESSCOLUMN) which acts as a goal (Newell & Simon, 1972) for the 
subtraction performance, 

Figure 3: Firing order of rules in PS of Figure 2 ,  

I Rules applicable Rule fired Act ion taken 

0, T@I has (PROCESSCOLUMN) 

l, TS, CX GM Do Compare; 
Assert (S GTR M) 

I 

1 2 ,  (CM), TS, B2A B 2A Assert (BORROW) 
I 

/ 3 ,  (CM, B2A), TS, BS l 
BSL, BS2, BS3 (or BS2 or BS3) Do Crossout 

i 
I 4, BS2 Do Decrement 
I (or BSl or BS3) 
I 

BS.3 Do AddTenToM 
(or BSZ or BS2) 

I 
TS Assert (TAKEDIFF) I 

i DTD Do TakeDiff 
I 

7 .  (. . . . , TS) , DTD 

Initially I3Jz.1 holds just (P?,OCESSCOLUFm). The conflict set consists of 
rules TS and GM, since they are the only ones whose LBSs are satisfied, 
By recency-in-PPI, rule CM is chosen and fired, Thus the childperforms 
a Compare an the units column of the sum, which puts the spbol (SGTPLM) 
in TAW. On the second cycle, the applicable rules are TS, B2A and CM, 
but CM is discarded because it has already fired on the same data, and 
by the principle of recency B2A wins out over TS, So B2A fires, 
depositing the element ( B O ~ O W )  in bR4, Since (BORROW) is the most 
"recent" element, it is clear that all rules except RSl, BS2 and BS3 
are ruled out. There are no grounds for choosing between thernso they 
fire off in any order one after the other on successive cycles, They 
carry out the borrowing, 

By now all the rules which for one reason or another had priority over 
TS have fired, so it is now the turn of TS, Lt deposits the goal 
(TMCEDIFF) in kPf, which finally triggers DTD, The actual differencing 
now takes place, between an k.I a"f 14 and an S of 8, yieiding the element 
(mSULT 6) in !$PI, 

Modelling of correct subtraction 

Figure 4 shows a complete PS for the method of decomposition, Note 
that rule TS has been changed to ensure that the second column is 



processed, We have added a rule for writing down the answer digits 
(WA) and a rule which eharacterlses the processing of the secondcolumn 
(FIN), We have also added a rule (B2C) for a shortcut in processing 
the special case where S =I f .  Tn a rule like TS where theF3S specifies 
more than one element to be added to \@I, the convention is that the 
lefrmost one is treated as the most %reeentYor the purposes of eon- 
flict resolution, so that by the principle of recency the TakeRiff 
symbol will rake precedence over NextColum in triggeringfurtherrules. 

Figure 4: Full PS for subtraction by decomposition 

TS 
WA 
FIN 
E 2A 
B2C 
AS l 
BS 2 
BS3 
CM 
AC 
DTD 

((PROCESSCOLM) 
((RESULT =x) 
( (NEXTCOLUT~) 
( (S GTR $1) 

((S EQ M) 
( (BORROW) 
( (BORROW) 
( (BORROW) 
( (PROCESSCOL~~) 
((RESTILT I =XI 

( (TAKEDIFF) 

(TAKEBIFF) (NEXTCOLUMN) ) 
(WRITE =x) 
(SHIFTLEFT) ( T ~ D I F F )  (STOP)) 
(BORROW) 
(RESULT 0) (NEXTCOLUMN) ) 
(CROSSOUT) 
(DECREMENT) ) 
(ADDTENTOM) ) 
(COMPLW) ) 
(CARRY) (RES'SLT =x)) 
(DO TBKEDLFF)) 

We have also added AC, a rule from addition for performing carries, 
In the PS as it stands, rule AC will never fire because in correct sub- 
traction the item (RESULT I ==x) will never be found in WN. However if 
any of the subtraction rules is omitted then there will becircumstances 
in which AC may fire, 

We can justify the analysis implicit in these rules by citing contempo- 
rary methods for teaching subtraction, Typically (see Fletcher, 1971) 
tde students are given s e p m a t e  practice in taking differences and 
comparing, They are initially given examples that do not require 
comparison, Borrowing is taught as the three actions specified in 
BSl, BS2 and BS3. 

A PS for subtraction by equal. additions can be obtained from the rules 
in Figure 4 by replacing rules BSl and AS2 with a single rule BS4which 
reads : 

ss4 ((BORROW) --> (CARRY) ) . 
Modelline the errors 

The children whose work was analysed by Bennett had been taught the 
method of decomposition. In order to mdel their errors we changedor 
omitted various rules in the PS of Figure 4 and then ran them usingthe 
OPS2 interpreter. The error seen in example A (which accounts far502 
of all Bennett's errors) can be obtained by omitting the comparison 
rule CM or rule B2A which triggers the borrowing process, Either 
hypothesis is pIau~ib3.e~ For a .particular student, analysis of past 
protocols might provide the information for determining which is in 
fact the case, Another possibility is that all three rules for the 
borrowing process, BS1, BS2 and BS3 are missing, 

Errors of type B can be accounted for by omission of rule BS3, The 
error seen in example C is an 'inappropriate borrow', and is alsovery 
conrmon, We can account for it by replacing the comparison rule CM 



by a borrowing rule which aZways fires, such as 

The occurence of such a rule could result from a student believing that 
borrowing was an essential part of thesubtraction process oras aresult 
of being given a sequence of examples in which borrowing was always 
necessary, In example 6, having taken the difference between 18 and 5 
and obtained 13, the PS deals with the ten by rule AC. Studentsalmost 
invariably complete subtraction sums finding some way to use up any 
digits calculated en route, The same happens with example D ,  and a 
trace of the modified PS running on this problem is given in Figure 5 -  

Figure 5: Trace on Example D of 3 of Figure 4 together with rule BI 

(SUBTUGTION 2 7 - l 2)  
0, Bl 

ADD = ( (BOKROTJ) ) 
I, BS2 
***** DEGREW,NTINC M DIGIT - NOW L 
2 ,  BSl 
* *A* *  CROSSING OUT ?2 DIGIT 
3.. BS3 
***** ADDING 10 TO PI  - NOW 17 
4 ,  TS 

A I ~ D  = c (T~KEDIFF) ( ~ ' E X T C O Z U ~ ~ )  ) 
5, DTD 

ADD - ((RESULT 1 5)) 
6, AG 
****A CARRYING TO S2 - NOW 2 

ann = ((RESULT 5)) 
7 .  WA 
****A 

8, FIN 
*A***  SHIFTING LEFT TO NEXT C O L W  

ADD - ((TAKEDIFF) (STOP)) 
9. DTD 

ADD = ((RESULT I)) 
mO, IJA 
***** 

It is a coman complaint of teachers that as a result of changing 
school, pupils are taught both methods of subtraction and end up being 
confused between them, We can account for example E by supposingthat 
the student bas learned a niuddled version of borrowing including the 
BS1 and BS:! ru!es for decomposition as weZ2 as rather than as analter- 
native for the BS4 rule for equal addition, but omitting the essential 
BS3. Example F is similar except that we must hypcthesise that the 
strategies for addition and subtraction are also muddled so that rule 
FIN reads 

FIN ( ( N E X T C O L ~ )  ---> (SRTFTLCFT) (FTNDSTM) (STOP) ) 

Errors of strategy of the type shown in example G can be accounted for 
by adding the rule BS4 for equal addition to the full decomposition 
ntethod given in Figure 4 ,  

Nany types of error such as inappropriate borrowing do not occur inthe 
speci al case where S = " I I  Ide account for this by use of rule B2C a 



These wdels  can be adapted for multi--calum subtraction essentially 
by changing the RKS of FIN to he ((SEIFTLFFT) (PROCESSCOLUMN)) - see 
Young (19771,  

By using P S s  with the stated conventions we have been able to construct 
parsimonious models of children's subtraction behaviour which 

1. are of the appropriate "grain size" for the processes we 
are interested in, 

2 ,  explain many of the observed types of errors as the 
consequence of omitting one or more of the rules fron 
the "correct" PC, and 

3 ,  acccunt for the ?ffects of employirlp components of 
strategies for different tasks or methods simultaneously 
(i , e. the two sub traction methods and addition) , 

The models presented here could be used as student models (see Self, 
1374) for a teaching program for subtraction, In contrast to the 
procedural network approach to diagnostic modelling outlined by Brown 
at al, (19771, these models can easily be manipulated by adding or 
deleting individual production rules. Such models could also be 
employed with a computer tutor such as that of O%Shea (1977) where the 
tutorial strategy is represented as a set of production rules, 

The model we have presented of course has its limitations, Apart from 
the question of mistakes in the recall of number facts, the model fails 
to account for phenomena sl~ch as runs of errors or the effects of "set" 
(Tpyne, 19541, Furthermore, although this work has taken the view 
that learning subtracrian consists of the acquisition of the appropriate 
new rules, we have not actually addressed the question of where these 
new rules come from, This issue will be tackle2 in a subsequent paper, 

The starting point for this research was Yichael Bennett's perspicacious 
analysis of children's errors in subtraction, We are grateful to 
Benedict du Boulay for constructive criticism and for introducing us to 
the literature on teaching arithmetic, The research was financially 
supported by grants from the Social Science Research Council held by 
Jim Kowe , 
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A PMILOSOPK"x' OF 'WICKED' PROBLEM IMPLEMENTATION 
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Las Cruces,  New Mexico 58003 USA 

Abs t rac t  

An important c h a r a c t e r i s t i c  of i n t e l l i g e n c e  i s  t h e  a b i l i t y  t o  
dea l  adequately with 'wickedt o r  i l l - s t r u c t u r e d  problems, A method- 
ology i s  proposed f o r  t h e  computer implementation of  c e r t a t n  c l a s s e s  
of  BwickedB problems, Cur ious ly ,  t h i s  methodology c o n t r a s t s  sharp ly  
with t h e  c u r r e n t  a r t i f i c i a l  i n t e l l i g e n c e  paradigm: a  r a t i o n a l i z a -  
t i o n  of t h i s  d i s p a r i t y  i s  g iven ,  Las t ly ,  t h e  programming method- 
o log ie s  of  sof tware engineering appear t o  be most c l o s e l y  ak in  t o  
t h e  cu r r en t  i nqu i ry ,  and t h i s  conten t ion  i s  examined. 

In t roduc t ion  

In a r ecen t  overview of  approaches t o  design theory ,  S p i l l e r s  
[ l 8 ]  b r i e f l y  cons iders  s eve ra l  p ro j  e c t s  t h a t  r e l a t e  t o  "wicked "prob- 
lems, He mentions Bazjanac [2] who claims t h a t  i ' a r c h i t e c t u r a l  design 
i s  a  'wicked' problem which: ( I )  has no d e f i n i t i v e  formula t ion ,  (2) 
has no s topping r u l e ,  (3 )  has no s o l u t i o n  i n  t h e  abso lu t e  sense ,  and 
(4) each of  which i s  uniquev,  

The claim i s  a l s o  made t h a t ,  " in  f a c t ,  'wicked' problems a r e  so  
complex t h a t  they  defy  l o g i c a l  t rea tmentw;  i t  i s  proposed t h a t  we can 
do b e t t e r  than t h i s  even wi th  'wicked' problems, 

The term 'wicked problem5 was f i r s t  def ined  by R i t t e l  f l 41  who 
o r i g i n a l l y  presented a  l i s t  of eleven c h a r a c t e r i s t i c  p r o p e r t i e s  
which were f i r s t  r epo r t ed  and d iscussed  by Churchman 141. Bazjanac 
[ 2 ]  gives  t h i s  background along with a  comprehensive d i scuss ion  of 
t h e  subsequent development of t h i s  concept and o the r  r e l e v a n t  models 
of  a r c h i t e c t u r a l  design ( inc luding  t h a t  of  Alexander [ I ]  t o  which we 
w i l l  r e t u r n )  , 

Within computer s c i ence ,  psychology and management sc ience  t h e  
terms " i l l - d e f  inedR [13] , "ill -struc.turedrV [ l7 ]  , o r  f ' i 1 2  -f asned~' 1231 
have been used t o  l a b e l  much t h e  same concept ,  Each of t h e  few sub- 
s t a n t i a l  d i scuss ions  known t o  t h e  au thor  appear t o  be l a r g e l y  i s o l a t e d ,  
one-time expos i t ions  of t h i s  concept t h a t  a r e  of l i - t t l e  d i r e c t  r e l e -  
vance t o  t h e  c u r r e n t  argument, 

Software engineering does nqt  f i g u r e  i n  t h e  above l i s t  d e s p i t e  
one decade of t h e  term ' s o f t w a ~ e  c r i s i s 9  [I21 which can be expanded 
a s :  t h e  problem of designing software systems of t h e  complexity and 
r e l i a b i l i t y  demanded when t h e  necessary  t o o l s  and design methodolo- 
g i e s  a r e  lack ing--a  'wickedT problem, 

The f i e l d  of  sof tware eng i r~ee r ing  has dexreloped a  b a t t e r y  of 
soph i s t i ca t ed  but  l a r g e l y  non-formalized methodologies f o r  coping 
with i t s  own brand of B ~ y . i ~ l i e d B  problems [ e , g , ,  a s s e r t i o n a l  rneta- 
languages, s t r u c t u r e d  p rog raming ,  t h e  super programmer team, s tepwise 



refinement and top-down everything), The larger problem is by no 
means solved, tar-pits still abound, but substantial progress has been 
made and no slackening of the pace is apparknt , 

Alexander's exposition of an architectural design methodology [I] 
is seminal to the theory described herein, Alexanderss contribution, 
from the current viewpoint, was to extol the value of mistakes and to 
point up the difference between evaluating a putative problem "solu- 
tion' as wrong and prescribing correct tsolutions', But Alexander is 
judged to have somewhat over-formalized his methodology, An important 
ground rule for the current viewpoint is that although formalisms have 
their place and can offer undoubted advantages for the development of 
theories, the use of a formalism invariably entails a loss of flexi- 
bility; the selection of a formalism necessarily excises from the 
problem area all problem structure non-compatible with the formalism. 
This is, of course, no prohlen: ivhen the chosen Formalism does, in some 
sense, mirror the problem structure, But all too often an untimely 
haste to acquire the respectability of a formalism results in a well- 
structured problem (1iSP) that bears little resemblance to the original 
and yet becomes the prime object of interest and inquiry, Formalisms 
are too often selected for the simplicity and ease of manipulability 
that they exhibit rather than their ability to reflect concisely and 
sys"cmatica1ly the original problem strucrure, The frequent use of 
various 'kontext-free" formalisms is often a case in point, A form- 
alisin sliould not be selected primarily for the desirability of its 
structure especially khen it then becomes the object of prime interest 
and the question of its relationship to the oriplnal problem is tem- 
porarily shelved tvith perhaps a tacit agreement that suitable per- 
qurbations to the formalism will later be applied to reduce this 
relationsl~ip to one of 'sufficient similarxtyve 

Formalizatlon is thus seen as a process of transmutation: ill- 
structure to well-structure, heomation of a problem entails formal- 
ization. 'IVlcLed' problems cannot then be automated, but we can auto- 
mate more or less sxmilar analogues of the original problem and a 
subsequent process of iteration can be used to decrease the inevitable 
dissimilarity to some acceptable degree. It 1.s maintained that the 
initial method used to automate a problem and the resulting transmu- 
tation cr~tically limxt the possibility of subsequent modifications 
for producing an acceptable version of the original 'wicked' problem; 
and furthermore, two types of modification procedures can be distin- 
guished, the 'traditional approach and a neglected alternative 1z7hiclz 
is presented herein, 

An lmplenaentation Methodology: Initjal Problem Formulation Strategy 

It is proposed that a maximum of effort and expertise be expanded 
to produce an initial problem] formulation (a) which is complete at 
some level of real-world adequacy thus enabling subsequent adequacy 
judgments; (b) in which a minimum of the original problem structure 
has been iru"evocabl%r destroj-ed thus facilitating evolution of the 
implemented version; and (c) which has an active bias and thus can 
always generate a potential 'solution8, 

The Bcomple"cness criteri omn is problematic because of point (I ) 
given easl1e-r (a B ~ i ~ k e d B  problem Isas no def ini tive formulation) , 
Elaboration of this point yields the proposition that any problem 



worthy of t h i s  des igna t ion  w i l l  embody numerous non-formalized, and 
perhaps non-formalizable ,  f e a t u r e s ,  The d i f f e r ence  i s  t h a t  a  formal- 
i s m  may j u s t  no t  be apparent  a s  opposed t o  being j u s t  non-formalizable ,  
I t  i s  conceivable  (and perhaps c r i t i c a l l y  dependent upon what i s  
admit ted a s  ' a  f o r m a l i z a t i o n f )  t h a t  t h e  l a t t e r  ca tegory  being of a  
r e s i d u a l  na tu re  could become an empty one,  Aes the t i c  dec i s ions  would 
f a l l  s o l i d l y  i n  t h i s  domain but  by s t r e t c h i n g  t h e  concept of Yormali-  
z a t i o n 8  andlor  s u b s t i t u t i n g  an acceptab le  analogue of t h e  i n i t i a l  prob- 
lem, some P f o r m a l i z a t i o n P  of ' a e s t h e t i c T  dec i s ion  making might be 
forthcoming. With r e spec t  t o  a e s t h e t i c  dec i s ions ,  Hess [9] uncovered 
one formal f e a t u r e  whiciz c o n t r i b u t e s  "c judgments of t h e  a t t r a c t i v e n e s s  
of a  f a c e ,  it i s  pupi l  s i z e ;  d i l a t e d  p u p i l s  a r e  a t t r a c t i v e ,  This  
example i l l u s t r a t e s  t h e  po in t  t h a t  e-t7en f o r  a  seemi-ngly non-formalizahle 
f e a t u r e  of t h e  ' w ~ c k e d '  problem \hde may be a b l e  t o  e l u c i d a t e  formal izable  
f a c e t s  of  "chis sub-problem. We then have a v a i l a b l e  gu ide l ines  f o r  t h e  
automatic product ion of dec i s ions  f o r  t h e s e  ' r \ ickedr  problem f e a t u r e s ;  
such f e a t u r e s  w i l l ,  i n  gene ra l ,  be formal izable  t o  some degree .  Thus 
he can automate i n  a  b e t t e r  f a s l l i o ~  than  roere a r b i t r a r y  o r  arandom' 
dec i s ions  ; we can u t i l i  ze some mechanisms f o r  'informed guessing ' , 

I$i.nimal d e s t r u c t i o n  of o r i g i n a l  problem s t r u c t u r e ,  t he  second 
c r i t e r i o n ,  and t h e  completer~ess  c r i t e r i o n  E-iave roughly t h e  r e l a t i o n -  
s h i p  of a l g o r i t l m  and d a t a  s t r u c t u r e ,  r e s p e c t i v e l y .  To implement, an 
i n i t i a l  ve r s ion  of t h e  problem assumptions must be made and r e s t r i c -  
t i o n s  must be imposed, b u t t h e  process ing  a l g o r i t l m  formulated should 
not  be c r i t i c a l l y  r e l i a n t  on t h e  d e t a i l e d  s t r u c t u r e  of t hese  f e a t u r e s .  
This  i s  i n  c o n t r a s t  t o  an algori thm which would widely e x p l o i t  t h e  
introduced s t r u c t u r e  i n  order  t o  support  subsequent successful.  func-  
t i o n i n g ,  A formulat ion of  r e s t r a i n t  a s  opposed t o  one of pe rpe tua t ion ,  

I - 3or example, i n  t h e  design of a  man-machine i n t e r f a c e ,  a  t y p i c a l  
sof tware problem, c e r t a i n  a spec t s  of t h e  i n i t i a l  8wicked' problem a r e  
c l a r i f i e d  and s imp l i f i ed  by t h e  assumpti.on t h a t  user  input  % $ r i l l  be 
p e r f e c t  o r  a t  most involve only a small  s e t  of p o s s i b l e  imperfec t ions .  
We can then  d i s t i n g u i s h  input  processing mechanisms which accept  t h e  
above r e s t r i c t i o n s  a s  a  g iven ,  fi..xed, s t r u c t u r a l  f e a t u r e  of t h e  problem 
a t  hand and thus  e x p l o i t  t h i s  a ~ e l l - d e f i n e d  problem f e a t u r e  t o  t h e  f u l l ;  
t y p i c a l l y  such a  mecharlism involves hashing techniques which can dea l  
accu ra t e ly  with exact  match s i t u a t i o n s ,  maybe some p a r t i c u l a r  e r r o r  
process ing  r o u t i n e  (s)  to process  t h e  s e t  o f  well.-defined ' e r r o r s  ' , and 
e r r o r  e x i t s  which d ismiss  with minimal processing and thus  maximal 
e f f i c i e n c y  those input  s t r u c t u r e s  which now f a l l  o u t s i d e  the  problem 
implemented. The a l t e r n a t i v e  approach being a  mechanism, undoubtedly 
more complex and l e s s  i m e d j a t e l y  machine e f f i c i e n t ,  which accep t s  a l l  
input  a s  more o r  l e s s  ' c o r r e c t '  and f o r  which p e r f e c t l y  spec i f i ed  input  
i s  a l i m i t i n g  c a s e ,  i d e a l l y  such a mech.arrism migh-t monitor t h e  a c t u a l  
input  and modify i t s  func t ioning  t o  adap t ive ly  opt imize t h e  processing 
of  such i n p u t ,  The o v e r a l l  r e s u l t  of t h e s e  two inpu t  processing 
mechanisms might be s u p e r f i c i a l l y  T,rery s i m i l a r  with t h e  second approach 
looking dec idedly  t h e  worse i n  xriei*! of t he  fa.c"i.that t h e  mechanism i s  
l a r g e r ,  more complex and l e s s  e f f i c i e n t  [when e f f i c i e n c y  i s  measured 
r a t h e r  simply i n  terms of t h e  average time t o  process  of some u n i t  of 
input  once) ,  Rut i f  thi .s  cu r r en t  i.mplemen"ta"ri.on i s  viewed a s  a  pre-  
cursor  of  some f trial inp ieme~~" i t i on  of  t h e  o r i g i n a l  'wicked ' problern 
r a t h e r  than  an end i n  i t s e l f ,  t hen ,  a s  we s h a l l  s ee ,  t h e  l a t t e r  
approach would appear t o  hold fay riiore promise of sluccess than  does 



the former. In  essence the 9mechanism of restraintf provides a basis 
for evolution. This particular example has been both implemented and 
tested within the context of a progrmming language compiler [l01, 

Flexibility is then a general feature of the initial problem 
formulation that is of paranoune importance, And one major route to 
flexibility is via an initial implementation incorporating a multitude 
of individual restrictions and/or assmptions [i,e,, informed guessing 
mechanisms) which may be Loosely utilized to obtain initial results 
rather than 'across the boardt strictures which are exploited to the 
full in order to obtain the !highest quality' initial results, 

'Fhe third initial imp1ementa.t ion criterion arises from the can- 
sideration that every implementation (that is, successive versions from 
initial to final, see figure 1) must continually produce potential 
'solutions ? despite trnformali zed ?holes ' within the problem implemented 
and the prohibitions on the use of riid, sweeping assumptions or 
restrictions. This final feature is that the mechanism of 'informed 
guessing' must have an active bias such that, however small the degree 
of infomation currently available to the individual mechanism, it 
will always contribute a decision to the total system function, In an 
extreme situatiorl decisions must be arbitrarily produced (although not 
totally a~bit~arily for if the problem or sub-problem has any form at 
all then potential solutions can always be somewhat circwnscribed), 
For it is exactly these potential solutions that stem from largely 
unformalized problem features that pave tile way for greater, if not 
total, fomalization of the problem features which generated them. 

' Other things being equal, the most adequate implementation of a 
'wickedg problem will be the one that utilizes the maximally informed 
guesses, that is, the one that incorporates a maxinax of the formal- 
izable facets that the problem in question contains, The question 
then is: can we systematically expose all of the formalizable facets 
of any given swicked' problem, and if so, how? The short answer would 
seem to be, no! But, what can be done is to systematically expose as 
many formalizable facets of our 'wickedt problen~ as is deemed neces- 
sary to produce an adequate implementation of our original problem, 
The procedure for accomplishing this relies upon the continued output 
of potential solutions from the sequence of inadequate implementations 
which are modified in the light of the major inadequacies that are 
apparent raiithin tlrese 'solutions ' . 

Points (21 and (-3) given earlier {i , e , , tvicked problems have no 
stopping rule, and wicked problems have no solution in the absolute 
sense, respectively) can now be addressed - 

Dl~rcked p r ~ ? ~ l  ems are essentially real-world problems and as such 
any computer implementation of such a problerrj must potentially Fulfill 
some real-world need, Tf we can say anything significant about some 
potential 'wiched8 problem solution then we can say what is wrong with 
it in the light of its clashes hith the real world. If we cannot say 
that anything ss wrong with it, then the 8solution' is, in the strong- 
est sense one could demand, adequate This procedure is ill~rstrated 
in figure 1, The consistent product~on of adequate solutions is the 
criterion of system adequacy, Hence age have a system evaluation pro- 
cedure which incorporates a stopping ' r u l e B ,  It should be noted that 



t h i s  procedme i s  more o f  a loose  methodology than  a  d e f i r l i t i v e  a lgo-  
r i thm:  f o r  example, what i s  and what i s  not  a  major s o l u t i o n  inade- 
quacy can be  s t r o n g l y  inf luenced by s o c i e t a l  and personal  b i a s ,  This  
then  sugges t s ,  a s  one would expec t ,  t h a t  t h e  f s o l u t i o n '  adequacy 
procedure f o r  'wickedf problems is  by no means a  contex t - f ree  f e a t u r e ,  
Design may s t i l l  be "'an argumentative process  between those  con- 
cerned" f a ]  @ but  now t h e  arguments a r e  s eve re ly  and e x p l i c i t l y  con- 
s t r a i n e d  by t h e  f a c t  t h a t  t hey  have t o  f i t  i n t o  t h e  genera l  framework 
of t h e  cu r r en t  implementation and p a r t i c u l a r  t s o l u t i o n s f ,  A probably 
t ed ious  and c e r t a i n l y  time-consuming symbiotic type  of r e l a t i onsh ip  
between expe r t s  kithi11 t h e  pa r t i cuxa r  problem domain and t h e  automated 
problem would seem t o  be unavoidable,  I a i c h  b r ings  us  onto t h e  l a s t  
'wicked7 problem po in t :  (4)  each 'wicked problem i s  unique,  A po in t  
which perhaps implies  t h e  non-exis tence of a  genera l ized  s t r u c t u r e  
which would be app l i cab le  t o  a  wide range of !wickedt problems, A 
viewpoint which has gained credence i n  t h e  l i g h t  of  t he  f a i l u r e  of 
a r t i f i c i a l  i n t e l l i g e n c e  t o  produce s u b s t a n t i a l  and g e n e r a l l y  u se fu l  
h e u r i s t i c s ,  Although a s  we s h a l l  l a t e r  s e e  t h i s  d e a r t h  of genera l ized  

. h e u r i s t i c s  may be a t t r i b u t a b l e  t o  a  methodological f a i l i n g  r a t h e r  than 
non-exis tence of genera l ized  techniques ,  In  support  of t h e  former 
view, we n i g h t  no te  t h a t  lead ing  a r t i f i c i a l  i n t e l l i g e n c e  r e s e a r c h e r s ,  
such a s  Minsky [&I, a r e  now espousing t h e  view t h a t  i n t e l l i g e n c e  i s  
fundamentally a  c o l l e c t i o n  of s o p h i s t i c a t e d  and spec i a l i zed  h e u r i s t i c s ,  

Informed guessing a s  a mechanism f o r  problem so lv ing  can a l s o  be 
a  process  of expedjency r a t h e r  than  n e c e s s i t y ,  Guessing i s  u s u a l l y  
f a s t e r  than  fol lowing some formalized r o u t e  t o  an answer,  bu t  unfor-  
t u n a t e l y ,  guessing i s  a l s o  u s u a l l y  l e s s  r e l i a b l e ,  So even when con- 
f ron ted  wjth a  t o t a l l y  formalized s i t u a t i o n ,  informed guessing may he 
ap optimai procedure,  The game of ches s ,  f o r  example, i s  i l l u s t r a t i v e  
of a  s i t u a t i o n  which can be t o t a l l y  descr ibed  by a simple a lgor i thm 
and y e t  t h e  ' i n e f f i c i e n c y f  a s soc i a t ed  wi th  t h e  a lgo r i tkmic  r o u t e  is  
so extreme a s  t o  e f f e c t i v e l y  r u l e  i t  o u t  o f  cons ide ra t ion ,  informed 
guessing i n  t he  gu i se  of ' h e u r i s t i c s '  i s  t h e  mechanism employed, I t  
could be s a i d  t h a t  chess  i s  a  %wickedQroblem i n  p r a c t i c e ,  bu t  no t  
i n  p r i n c i p l e ,  More t y p i c a l l y  t h e  degree t o  which a  dec i s ion  i s  based 
upon guessing [or t h e  degree t o  which a  guess i s  "informed') w i l l  
r ep re sen t  some po in t  of balance between e f f i c i e n c y  and r e l i a b i l i t y ,  

'Wicked' Probleins and t h e  A .  1,  Paradigm 

If t h e r e  i s  a body of knowledge p e r t a i n i n g  t o  computer implement- 
a t i o n  of  'w"icked8 problems, t hen  t h e  f i e l d  of a r t i f i c i a l  i n t e l l i g e n c e  
i s  where we might most reasonably expect  t o  f i n d  i t ;  f o r  complex, i l l-  
s t r u c t u r e d  problem ' s o l v i n g 8  i s  t h e  domain of  hunan i n t e l l i g e n c e  and 
so possess ion  of  t h i s  a b i l i t y  can be considered an  important cha rac t e r -  
i s t i c  o f  i n t e l l i g e n c e ,  Typ ica l ly  ' h e u r i s t i c s '  a r e  employed t o  f a c i l i -  
t a t e  computer implementation of twickedQproblems, Thus we might 
expect t h e  implementation of i nd iv idua l  problems t o  provide p r a c t i c a l  
eva lua t ions  of t h e  h e u r i s t i c s  u t i l i z e d ,  r e s u l t i n g  i n  an a c c w l a t i o n  
of efficien-nd ~ e l i a b l e  heuris"ccs  each a s soc i a t ed  wi th  some domain 
of a p p l i c a b i l i t y ,  Such has not  been t h e  c a s e ,  a s  S p i l l e r s  1181 no te s  
with disappointment ,  

The a r t i f i c i a l  i n t e l l i g e n c e  paradigm t y p i c a l l y  involves t h e  
employment of  sweeping assumptions and ' a c ros s  t h e  boardD s t r i c t u r e s  



t o  immediately reduce an i n i t i a l  'wicked' problem t o  a  wel l - s t ruc tured  
problem (WSB), This  iJSP i s  then  programmed u t i l i z i n g  h e u r i s t i c s  a s  an 
e f f i c i e n c y  expedient  a s  wel l  a s  f o r  t h e  circumvention of any r e s i d u a l  
i l l - s t r u c t u r e ,  The proof of t h e  ' h e u r i s t i c y  (much l i k e  t h a t  of  t h e  
pudding) r e s i d e s  l a r g e l y  i n  t he  r e s u l t s  t h a t  i t  produces,  A s t r a i g h t -  
forward, he re  and now, empir ica l  j u s t i f i c a t i o n  o f t e n  leaves  much t o  
be d e s i r e d ,  and s o  one i s  n a t u r a l l y  l o a t h  t o  embark upon a  course  which 
appears  t o  only  o f f e r  t he  promise of an even more vu lne rab le  immediate 
j u s t i f i c a t i o n ,  The temptat ion i s  t o  move i n  t h e  d i r e c t i o n  of  p a r t i c u -  
l a r i s i n g  any h e u r i s t i c  f o r  more dramatic  he re  and now r e s u l t s  a s  
opposed t o  a  more gene ra l ly  powerful ve r s ion ,  l e s s  impressive here  and 
now but  ca r ry ing  t h e  promise of s a t i s f a c t o r y  performance on a s i g n i f i -  
c a n t l y  wider range of problems. Weinberg 1191 no te s ,  " h e u r i s t i c  devices  
d o n ' t  t e l l  you where t o  s t o p t a ,  

Now given t h e  na tu re  of ' n e u r i s t i c '  devices  and given t h a t  t h e  
immediate problem o f  i n t e r e s t  i s  t he  h igh ly  cons t ra ined  WSP der ived  
from some i n i t i a l  'wickedv problem, t h e r e  a r e  e s s e n t i a l l y  two poss i -  
b i l i t i e s  open: (a) t o  employ genera l ized  h e u r i s t i c s  f o r  l e s s  irnpres- 
s i v e  i m e d i a t e  r e s u l t s  bu t  hopefu l ly  r e t a i n i n g  some p o t e n t i a l  f o r  
coping wi th  modified ve r s ions  of t h e  problem hhich move it i n  t h e  
d i r e c t i o n  of t h e  o r i g i n a l  "iicked ' problem; and (b) t o  produce a very  
sho\+y implementation, which e n t a i l s  t h e  e x p l o i t a t i o n  of t h e  s p e c i f i c  
WSP s t r u c t u r e  by means of very  p a r t i c u l a r  h e u r i s t i c s .  This  second 
course of a c t i o n  would seem t o  o f f e r  l i t t l e  p o s s i b i l i t y  f o r  per turb-  
ing t h e  c u r r e n t  hSP ~mplementa t ion  such t h a t  it moves e f f e c t i v e l y  back 
tohards  t h e  o r i g i n a l  'wicked' problem, The former course  of a c t i o n  
embodies p o t e n t i a l  f o r  accommodating r e l a x a t i o n s  o f  t h e  cu r r en t  prob- 
lem c o n s t r a i n t s  b u t ,  being a  n o n - r e a l i s t i c  problem [a $ t o y f  o r  Inicro- 
wbrld '  ve r s ion  of t h e  o r i g i n a l  'wickedt problem] no gu ide l ines  a r e  
apparent  f o r  judging the  'goodness'  o r  'adequacy' of t h e  ' h e u r i s t i c s '  
employed, I t  i s  d i f f i c u l t  t o  ludge when a  ' h e u r i s t i c '  i s  s t r i k i n g  
t h e  r i g h t  balance between being s u f f i c i e n t l ) ~  good f o r  t h e  problem a t  
hand and y e t  maintaining t h e  p o t e n t i a l  necessary  f o r  accomodat ing  
subsequent problem p e r t u r b a t i o n s .  

A r t i f i c i a l  i n t e l l i g e n c e ,  i n s o f a r  a s  it has viewed t h e  der ived  
WSP a s  a  f i r s t  c u t  toward implementing tile o r i g i n a l  ISP,  has  gene ra l ly  
run  up a g a i n s t  t h e s e  problems, The b i a s  has  u s u a l l y  been toward t h e  
second course  of a c t i o n  thus  e f f e c t i v e l y  making t h e  der ived  WSP an end 
i n  i t s e l f  by blocking the  r o u t e  back t o  t h e  o r i g i n a l  'wickedf problem, 
McDermott [ l l]  i n  a sca th ing  review of  n a t u r a l  language a r t i f i c i a l  
i n t e l l i g e n c e  p r o j e c t s ,  s a i d ,  " t r a n s l a t i o n  methods t h a t  worked on "he 
b ig  r ed  b lock '  w i l l  not  succeed, and cannot be extended t o  succeed 
on , , , "  a  given example which f a l l s  ou t s ide  t h e  s t r i c t u r e s  governing 
t h e  P t o y '  languages which such systems t y p i c a l l y  employ, The pre-  
v ious ly  descr ibed  approach t o  t h e  computer implementation of %wickedg 
problems u t i l i z i n g  ?informed guessing mechanismsP and t h e  above des-  
c r ibed  a r t i f i c i a l  i n t e l l i g e n c e  paradigm a r e  con t r a s t ed  schemat ica l ly  
i n  f i g u r e  2 ,  

f be l i eve  t h a t  t i n s  r a t h e r  sweeping c h a r a c t e r i z a t i o n  does con ta in  
s u b s t a n t t i 1  expl ana tory  power f o r  t h e  ueni.gma8' 1181 t h a t  i s  , a r t i f  i c i a l  
i n t e l l i g e n c e ,  It i s  viewed a s  "-%he f i . r s t  s t e p  f a l l a c y v  by Dreyfus 151, 
and a s  " the S c y l l a  of t r i v i a l  f i r s t  genera t ion  implementations" by 
lYiaIts 1201 i n  a r e c e n t  r e p o r t  "L tth National I n s t i t u t e  of Education, 



Within t h e  same r e p o r t  Hinograd f 2 l $  mentions t h e  e a r l y  success  of  
l i n g u i s t i c s  which was based on a narrow concent ra t ion  on problems of 
syntax (a r e l a t i v e l y  WSP], avoiding i s s u e s  of meaning and co 
t i o n  i n  language use  ( the o r i g i n a l  "wicked' problem); he  then  s t a t e s  
t h a t ,  " there  i s  much c u r r e n t  d i s s a t i s f a c t i o n  wi th  t h i s  r e s t r i c t i v e  
paradigm, and many prominent l i n g u i s t s  a r e  beginning t o  r e j e c t  a 
syntax-dominated approach and t o  look a t  t h e s e  broader i ssues"*  

Recent ly,  Winston [22] has  t r i e d  t o  j u s t i f y  t h e  micro-world 
approach i n  A , I ,  by o f f e r ing  t h e  analogy t h a t ,  " l imi ted  domains of 
d i scour se  a r e  t he  E ,  C o l i  of language r e s e a r c h u ,  The c r i t i c a l  dimen- 
s ion  along which t h i s  analogy f a i l s  concerns t h e  f a c t  t h a t  E, C o l i  i s  
an e x i s t i n g ,  r e a l  world system t h a t  molecular b i o l o g i s t s  must d e a l  with 
as b e s t  t hey  c m ,  while l imi t ed  domains of d i scour se  a r e  a r t i f a c t s  
t h a t  can be r e s t r u c t u r e d  o r  c r ea t ed  a t  will t o  f a c i l i t a t e  t h e  app l i ca -  
t i o n  of  any p a r t i c u l a r  t heo ry ,  

Compounded thiith t h e  e a r l i e r  problematic  p o i n t s  glven and d iscussed  
a s  p a r t i c u l a r  t o  'wickedf problems, t h e r e  i s  t h e  n e c e s s i t y  t o  a l s o  
manage t h e  complexity of 'wickedf problems, bu t  complexity i s  n o t ,  of 
course,  a f e a t u r e  p e c u l i a r  t o  Pwicked' problems, Software engineering 
i s  t h e  automation, i n  t h e  sense of computer program implementation, 
of  complex problems, T t  can a l s o  be maintained t h a t  many of t h e  p ~ o b -  
Lems a r e  'wicked8 prablems,  Although t h e  software engineers  t y p i c a l l y  
consrder  i n i t i a l ,  complete and formal s p e c i f i c a t i o n  of t h e  problem a s  
an essential p r e r e q u i s i t e  of  any a c t u a l  implementation, This  c r i t i c a l  
and problematic  a r e a ,  "tizis l a t e s t  a d d i t i o n  t o  t h e  system t e c h o l o g y  
f ield--reqrxirements--in t h e  form of  requirements  def i n l t i o n  and 
r e q u ~ r e m e n t s  e n g i n e e r i n g f y 1 5 ]  was r e c e n t l y  t h e  sub jec t  of a s p e c i a l  
i s s u e  of  t h e  I E E E  Transac t ions  on Software Engineering [ l5 ] ,  In  t h e  
Guest E d i t o r i a l  Ross g ives  a schematic i l l u s t r a t i o n  of t h e  general  
problem [15, Figure 14 which i s  c l o s e l y  analogous t o ,  bu t  independellt 
o f ,  t h e  f i g u r e  1 presented h e r e i n ,  

Now t h e  f e a t u r e  t h a t  d i s t i n g u i s h e s  sof tware  engineering from say ,  
a r t i f i c i a l  i n t e l j  igence ,  and makes it p a r t i c u l a r l y  r e l e v a n t  t o  t h e  
c u r r e n t  proposals  i s :  t h a t  t h e  f i n i s h e d  product i n v a r i a b l y  has r e a l  
world a p p l i c a b i l i t y  and u s e ,  In  a d d i t i o n ,  sof tware engineering a s  a 
d i s c i p l i n e  within t h e  domain of fwicked'  problems i s  f u r t h e r  d i s t i n -  
guished from say, a r c h i t e c t m a l  des ign ,  by t h e  f a c t  t h a t  computer 
implementation i s  no t  j u s t  a modeling process  bu t  i t  i s  a l s o  cons t ruc-  
t i o n  of an automated ve r s ion  of t h e  awickedB problem i t s e l f ,  Software 
products  a r e  not  t hen  u s u a l l y  open t o  human i n t e r p r e t a t i o n  from what 
i s  e s s e n t i 8 l l y  a model [of ,  s ay ,  the  des ign  of some e d i f i c e )  t o  t h e  
r e a l  world s i t u a t i o n  modelled ( the human des ign  process  and t h e  e d i f i c e  
i t s e l f ' ) .  Thus software engineefing i s  not  permit ted t o  cop o u t ,  A 
more o r  l e s s  H ~ i c k e d D  problem i s  o f t e n  t h e  i n i t i a l  'g iven '  and, 
a l though it 1 s  t o p  p r i o r i t y  t o  t ransform t h i s  problem i n t o  a formal 
analogue before  proceedi l~g  f u r t h e r ,  t h e  subsequent imp4 ementation 
s w i m s  o r  s inks  i n  t he  l i g h t  o f  r e a l  world a p p l i c a t i o n :  t h a t  i s ,  back 
i n  t h e  domain of $wickedt  problems, Thus t h e  f i n a l  ve r s ion  of a 
system i s  a more o r  l e s s  adequate ly  automated 'wickeds problem, r a t h e r  
than  a model of t h e  problem, 



So wi th in  t h e  b a t t e r y  o f  s o p h i s t i c a t e d  complexity management tech-  
n iques  developed f o r  sof tware  engineering one can a l s o  d i s c e r n  t i d - b i t s  
f o r  dea l ing  wi th  t h e  i n e v i t a b l e  'wickedt problem i n t r u s i o n s  a s  well a s  
ce r t a in ' d imens ions  of t h e  o v e r t  management of  complexity techniques 
t h a t  possess  p a r t i c u l a r  a p p l i c a b i l i t y  t o  'wicked' problems. The prob- 
lem of  coming t o  g r i p s  wi th  t h e  i l l - s t r u c t u r e  of  t h e  r e a l  world looms 
l a r g e s t  dur ing  i n i t i a l  formal problem s p e c i f i c a t i o n  and i n  t h e  f i n a l  
u se r  eva lua t ion  of t h e  product :  t h a t  i s ,  t h e  two major r e a l  world 
i n t e r f a c e s ,  The problem s p e c i f i c a t i o n s  a r e  never exhaus t ive ly  and 
unambiguously formalized and t h e  f i n a l  product never p e r f o m s  t o t a l l y  
t o  t h e  u s e r ' s  expec ta t ions ,  Without implying t h a t  'wickedp problems 
f e a t u r e s  a r e  s o l e l y  t o  blame, f o r  sheer  complexity a s  wel l  a s  h m a n  
p e r v e r s i t y  have important p a r t s  t o  p l ay ,  'wicked' problem f e a t u r e s  do 
have a r o l e  and a r e  accomodated by t h e  techniques employed, 

F l e x i b i l i t y  o r  a d a p t a b i l i t y ,  f o r  example, i s  o f t e n  given high 
p r i o r i t y  wi th in  t h e  sof tware  design procedure ,  System a d a p t i v i t y  i s  
considered d e s i r a b l e  not  on ly  f o r  accomodat ing  f u t u r e  environmental 
changes and system enhancements, bu t  a l s o  a s  a means of smoothing t h e  
two r e a l  world i n t e r f a c e  problems. I t  i s  widely recognized t h a t  many 
inadequacies  of t h e  automated system will on ly  become apparent  when 
t h e  u s e r  can i n t e r a c t  wi th  t h e  r e a l  system, The inherent  a d a p t i v i t y  
can,  hope fu l ly ,  be u t i l i z e d  t o  remove t h e s e  inadequacies ,  Bet te r  
s t i l l ,  t h e  f i r s t  system de l ive red  t o  t h e  use r  i s  no t  fixll-blown and 
v i r t u a l l y  f i n i s h e d ,  b u " c d q p t b b l e ,  it j s  a f i r s t  phase implementation 
which, embodies a maximum of g ros s  s t r u c t u r e  and a m i . n i m  of  c o m i t -  
ment t o  f i n e r  d e t a i l ,  Thus r e a l  world a p p l i c a t i o n  i s  u t i l i z e d  t o  
e l u c i d a t e  and confirm t h e  problem s t r u c t u r e  implemented i n  s t e p s  of 
succes s ive ly  f i n e r  d e t a i l ,  

The techniques  of top-down des ign  c l o s e l y  foilowed (say,  on ly  one 
refinement s t e p  behind) by top-down coding lead  t o  t h i s  concept o f  
top-down t e s t i n g ;  perhaps a ve ry  use fu l  s e t  of concepts t o  be combined 
wi th  t h e  e a r l i e r  methodology f o r  computer implementation of  'wicked' 
proMems, Tn t h e  terminology of t h e  e a r l i e r  expos i t i on ;  system inade-  
quacies  a r e  sys t ema t i ca l ly  exposed i n  s t e p s  of succes s ive ly  more d e t a i l  
by means of r e a l  world i n t e r a c t i o n ,  No s t r e s s  seems t o  be l a i d  upon 
t h e  d i f f e r e n c e  between adequacy and inadequacy judgments, The r e a l  
beauty of t h i s  scheme i s  t h a t  r e a l  world feedback can be  u t i l i z e d  t o  
modify g ros s  f e a t u r e s  of t h e  system s t r u c t u r e  before many of  t h e  
r e l a t i v e l y  f i n e r  problems f e a t u r e s  a r e  implemented, 

Concluding Remarks 

A genera l  methodology f o r  t h e  automation of  wicked problems was 
presented  and i t  was demonstrated why t h e  f i e l d  of A , I ,  has  con t r ibu ted  
s u r p r i s i n g l y  l i t t l e  t o  our  knowledge of how t o  program twickeda prob- 
lems. A major dichotomy of  A.X.*methodologies was proposed and 
explained [ f igu re  2 1 ,  T t  was then  suggested t h a t  t h e  'micro-world' 
op t ion  i s  t h e  methodology u s u a l l y  adopted and t h a t  t h e r e  a r e  good r e a -  
sons why l i t t l e  of re levance  t o  'wicked' problems i s  t o  be expected 
from t h i s  t r a c k ,  I t  i s  of re levance  t h a t  some of t h e  no tab le  ' succes ses f  
i n  A S I C  ( e , g ,  DENDRsaL [74 and b"iC'CTN [ l 6 ] )  wese cons t ruc ted  very  much i n  
accordance wi th  t h e  above philosophy and t h a t  a mmber of  o t h e r  p a r t i -  
c u l a r  examples o f  a s i m i l a r  philosophy a r e  being pursued a t  MIT a s  was 
noted a t  t h e  AXSB Conference cF 1974 f 247 , 



Real world t r i a l - a n d - e r r o r  system development i s  an i n t e g r a l  p a r t  
of t h e  methodology descr ibed;  it may not  always be  f e a s i b l e  ( e , g , ,  a  
B a l l i s t i c  M i s s i l e  Defense System 16]) ,  Simulat ion is then  a  n e c e s s i t y  
t hus  de l imi t ing  a  class of  ex t ra -hgickedf  problems, Brooks goes as f a r  
a s  t o  sugges t ,  Pfplan t o  throw one [vers ion  of  t h e  system] away, , ,you 
w i l l  an]wayFq/3] ,  Such a  s t r a t e g y  smacks of  a  r eve r s ion  t o ,  o r  an 
absence of progress  from, an e a r l i e r  sof tware  des ign  methodology, t h e  
"Wright b ro the r s  technl-que" '8-121 : ! 'build a  whole a i r p l a n e ,  push it o f f  
a  c l i f f ,  i f  it c ra shes  s t a r t  again",  The important  d i f f e r e n c e  i s  t h a t  
now the  e s s e n t i a l i t y  of  r e a l  world i n t e r a c t i o n  i s  recognized and it i s  
harnessed t o  guide system dksign and development, A minimum of  t ime 
and e f f o r t  spent  on,  and commitment t o ,  d e t a i l s  means t h a t  t h e  r e a l  
world t e s t i n g  (pushing it o f f  a  c l i f f )  i s  app l i ed  i n i t i a l l y  t o  t h e  sub- 
s t a n t i a t i o n ,  r e j e c t i o n  and genera l  c l a r i f i c a t i o n  of  g ros s  system f e a -  
t u r e s ;  a  maximalJy informat ive  r e a l  world t e s t  from a minimum commitment 
and r i s k  of r e s o u r c e s ,  In  l a t e r  s t a g e s  of  t h e  system development f i n e r  
system d e t a i l s  a r e  subjec ted  t o  t h e  r i g o r s  of  r e a l i t y .  

There a l s o  appears  t o  be a  c e r t a i n  discordance between t h e  p i v o t a l  
p o s i t i o n  of t e s t i n g  i n  t h e  above schema and a  powerful cu r r en t  i n  pro-  
grarnming ~ e t h o d o l o g y ,  v i z :  t h e  movement "c !provep t h e  absence r a t h e r  
than  t e s t  f o r  t h e  presence of e r r o r s ,  Again, t h e r e  i s  an important d i f -  
f e r ence  when dea l ing  wi th  'wicked' problems, We a r e  not  p r imar i ly  
a t tempt ing  t o  implement some formalized system but  t r y i n g  t o  emulate t o  
some accep tab le  degree a  s u b s t a n t i a l l y  more e l u s i v e  and i n t a n g i b l e  ' ob j ec t  
t h a t  i s  only  known t o  e x i s t  i n  t h e  r e a l  world [if it e x i s t s  t h e r e ) .  
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l o o s e l y  circumscribed r e a l  world domain i n  which some reg ion  o f  d i f f i c u l t y  i 
is  h a b i t u a l l y  addressed and processed with c o n s i s t e n t  adequacy. ?-J 
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A LIKE APPROACH FOR AUTOMATIC THEOREM PROVING 

Domini q~re PASTRE 
University PARIS VII 
France 

ABSTRACT 

A program, proving %heor&s in set theory by the use of rather 
natural methods, was first written after observation of the author's 
behaviow , 

Then, mathematicians were observed while resolving some problems of 
real analysis and set theory, Their argumentations were analysed in 
order to define new methods Yor automatic theorem proving by imitation 
sf both human behaviour and brain organisation. Several points 
appeared to be important : the language used, knowledge and informa- 
tions necessary in memory, working representations, metkods and 
heuristics, and finally the possibility of finding "good ideas". 

Various methods of automatic theorem proving have been Sound and 
some programs have been written, Some methods are very simple and 
qay be theoretically very efficient, but they are not efficient in 
practice because of tlie disastrous number of generated objects and of 
the difficulty of choices* 

Although many strategies have been imagined to improve actual 
procedilres, 1 believe that it is impossible to make them practically 
very efficient, and that it is necessary to search in quite opposite 
directions. 

Since the performances of man are quite better, a possibility may 
be the following : imitate the human behaviour and copy his 
heuristics, Such a program would be complicated and wo-d3 need a. large 
memory space but it could be practically efficient, 

I experimented this approach in writting a progrm, "DATTE", whjch 
behaves in a rather nat-l;.al manner, Its results were very encouraging 
(150 theorems proved in ~almos(l96O), ~rivine(79699, ~ueysanne(7964) 
and Sigler(~9SQ), some of' them are difficult), So, I thought it would 
be interesting to continue in the smle direction and it appeared to 
me that it would be useful to observe mathematicians "in actlonu, 
Then, I observed and analysed the argumentations of some mathematical 
researchers resolving problems of real analysis (~hoquet ,1964) and 
set theory (~Krivine, 1969 1 ,  (These argumentations are described in 
details in ~astre(l97?), 1 

Here, after a brief paragraph about "DATTE", I shall mention some 
important points which appeaked during the mathematicians' observa- 
tions and which seemed to me useful for automatic theorem proving. 

It is described in details in pastre ( 1376,1978) and a comparison 
5s made with RrownBs (1978) progrm which works in the same domaln, 



Some r e p r e s e n t a t i o n s ,  methods and h e u r i s t i c s  a r e  huvan l ike  : t h e  
theorems and some r u l e s  t h a t  t h e  program i t s e l f  c o n s t r u c t e d  a r e  i n  
t h e  form "Hypotheses =+ Conclusion" ,  a l l  t h e  r e l a t i o n s  and some 
elements  a r e  drawn in a  graph w i t h  which t h e  prograi -  works,  The rnain 
n rocedure  i s  a  n a t u r a l  p rocedure  ( a l l  t h e  p r o p e r t i e s  which cari be  
Eeduced f r o 3  t h e  a c t u a l  hypo theses  a r e  added a s  new hypotheses  uritil 
t h e  c o n c l u s i o n  i s  e a s i l y  p r o v e d ) ,  The r e s t  o f  t h e  program i s  b u i l t  
aroilrid t h i s  p rocedure ;  d i f f e r e n t  a c t i o n s  a r e  t r i e d  a c c o r d i n g  t o  a  
g l a n  which was c a r e f u l l y  e l a b o r a t e d  by o b s e r v i n g  ny o m  behav iour .  

Besides  t h e  x e t h o d s ,  t h e  concep t ion  of  t h e  program was d i f f e r e n t  
from %?:at o f  u s u a l  programs : t h e r e  i s  no u ~ d e r l y t n g  t h e o r y  ; b u t  
r a t h e r ,  a  cornsin was ,ief?ned., a  l a r g e  n-arf~er o f  theorems was z o l l e c t e - '  

- .  an:. t a e  program was x r i t t e n  s t e p  by s t e p  i r i  a  ve ry  e rng i r i ca l  r-znnei-, 

1': - ,he Lang'iage 
I t '  - I:nd.eed, noSocly -iorks fo rna l l ; ,  I n  g e n e r a l ,  ~ - . e e s " ~  good o r  kad ,  

s . ~ e  f i r s t  expresse: i  i n  e -0ilfuser1- nanner .  It c f t e n  happenes  - tha t  - I ,  
s2se:r-fer vkc knev ?a+: t c  sci7:e 5h.e c rcb le r . ,  "knev" t 3 z t  t h e  r e s e a r c k e r  

~ - 
rlaa I'rlind, kvt rle Lad y e t  a l a r g e  w * c - ~ r , t  cf ~ ~ e c i c e  rrcrk tc 5c .  

-- 
- - 7 -*. - -- ?saxpLe, i n  2. p r o k l e r  e'icl:': iniforrr!  conti i ;uit ; i ,  cu t tLng  a r  

2 .. .& . . -  . ,  ,uer-;zl ---2 r l l z  "J-,-,< i d e a 1 ' ,  >,y!e:- one has  t k - s  lfiea z>cu-tting, t h e  . - 84 Cr ., 
- - : r ~ : ~ e l n  3 . 1 ~ ~ . 3 ~ ;  s o ~ ~ " - e d ~  Y-I  C L ~  t l ~ i ~  - . eutt i .n,-  ::as to - ~ e  dqne c o r r e c t i : - .  

I-:? tks 1nair.i p o i n t  5s t h e  l d e a  an'.i a  l a r g e  p a r t  cT t h e  z r g a ~ ~ e r t a t i ~ n  
- -  - ~. - - 5cce i r  r ia- l -~rai  lang- age .. I aelie-V-e t h a t  ~t 1s n e c e s s a r y  -:c d.ef'ir-:> 

7- ~ G ~ T Q U ~ ~ T  thearem prov ing  language whick wculci riot p r e s e n t  -the 
. . 
: i f f i c u l t . e s  C i l a t u r z l  language j i l t  :lihlch wo~l!  be a s  Tar f r s n  t h e  
, - 
c!. l-i-reiy f c r n e l i s e d  i e n g ~ a g e  a s  n a t u r e >  language i s  and +; i th  - ~ ~ h i c h  
t h e  E Y ~ T ~ ~ L I  -, o f  t h e  rn~ t? -emat ic ians  can be  e x g r e s s e d ,  

The l a n g ~ i a g e  z s e d  'i,y t h e  r e s e a r c h e r   hen he v r i t e s  i s  p r e c l s e  sna 
-,- -.c -."r 7 - - L.*t - l L  ad: ~i , , .  i l l e g i b l e ,  Th i s  I s  t r u e  f o r  t h e  s o l u t i o n s  g iven  i n  
: )?zks  an6 zlsc f o r  a  w r i 5 t i n g  of a  s o l u t i o n  of  one of  t h e  p r o t i e n s ,  
" - .:- ie- sone t i z e  l a t e r  by one o f  t h e  c'cservefi r e s e a r c h e r s ,  One cannct  

11cpe t h a t  a  p r c g r a r ~  er)uld i m r e d i a t e i y  g i v e  s o l i l t i o n s  f  t h s  t y p e *  
~7~ . + l o r m a l i s e d  language i s  n o t  u s e f u l  f o r  s e a r c h i n g ,  n e l t h e r  f o r  

. ~ 

z x p l e l n l n g ,  b ~ t  only f o r  c c ~ m : u n i ~ e t i n ~  51: c r i g c r c u s  manner wl tk  
e x o e ~ i e n r e d  p e a p l e ,  

3 )  Each n o t i n  mv.s.t be  l i c k e d  -;c s i3i.g- n i ~ ~ . k e r  s f  i n f o r m a t i o n s .  
- 

-- 
, - ~ ~ 

--cioi.:ing t h e  formal defini . t i .on c f  ~ l r j . f o r ~ -  ~ 3 ~ t l f i ~ i ; l t y  f3r ins ta r -ce  i s  
riot enough, Th is  ~ o t i ~ j c  rds - t  be r e l a t e e , ,  or- one ?and, t o  some " i d e a s "  
- kc-. exm.ple,  a "smal l "  i n t e r v a l  nay 'be i n t e r e s t i n g  - , on t h e  
p ,.;Aei- .~ ,- h a ~ ~ d ,  t c  sene -tk,ec-..exs whick rr;.i.~s?; be  spplied as r e f l e x e s *  The 

Latioj? of " c l n s e d  2nd 1-c-ande5" ( i t  is n o t  t h e  ccnjunci, ion cf' t h e  t - ~ c  
a c n c e p t s  of c l o s e d  and bo;rLde& ci;t a concept  -34' t t s e l f j  must be  !.inker! 
L S  t h e  f a c t  t h a t  exampies o f  u s u a l  c l -gsed  end bcun6eS s e t s  in E a r e  
c l o s e d  i n t e r v s l s ,  ?he n a t i o n  cf compactriess i s  t h e  s a n e ,  in R" , r s  
% ? ~ e  ratisn of  2nd bg3u~nde3", Th is  Is s t ? e c - e ~ ,  b u t  it is 
app1.l-3 as  a  Yef i r - i t ion .  

- 
-'~:at complex network of r e l a t l o n s h i p c  vrick e x i s t s  i n  t?.e - = r a i n  ~. 

cf t k e  ~ : a t k e n a t i n i ~ z n  s::c;i]-fi te p r e s e n t  i rL t h e  Tenorg o f  tke ccmputer . 
-. - 7 ~. 
-cis :.;ill 're .t-sd.a:ia.rt i f  cc.qps,-sz -".:i::r s t r - c t  ; : ~ . ~ ? * e t f c % l ~  n e c ? s s i t y ,  



S u t  we work w i t h  redundant  i n f o r m a t i o n s .  And s o ,  we can e a s i l y  u s e  t h e  
i n f o r m a t i o n  which i s  i n  t h e  b e t t e r  form, 

b )  Known theorems a r e  used  i n  v a r i o u s  manners : 
- They can be  used as r e s u l t s ,  One t r i e s  t o  app ly  them i f  a  s i t u a t i o n  
l o o k s  l i k e  t h e i r  h y p o t h e s i s  o r  if t h e  g o a l  t o  be  proved l o o k s  l i k e  
t h e i r  c o n c l u s i o n ,  Some theorems a r e  even a p p l i e d  by r e f l e x  wi thou t  
b e e i n g  e x p r e s s e d  n e i t h e r  even rnentionned, Eor example a l l  t h e  
theorems about  (un i fo rmly)  con t inuous  f u n c t i o n s .  Other  theorems a r e  
e x p r e s s e d  b u t  t h e i r  a p p l i c a t i o n  i s  a l s o  a r e f l e x ,  
- Cther  knowri theorems are  a p p l i e d  r a t h e r  a s  t o o l s .  It i s  t h e  c a s e  of 
Z o r n ' s  lemma : t h i s  r e s u l t  i s  n o t  very i n t e r e s t i n g  i n  i t s e l f ,  knowin? 
i t s  p roof  i s  u s e l e s s :  b u t  u i n g  I t  sometimes makes p r o o f s  v e r y  e a s y ,  
- A- l a s t  manner f o r  a  theorem t o  be  u s e f u l  i s  t o  g i v e  a  t y p e  o f  p r o o r .  
- 
: o r  e x m p l e ,  k?.owing how t h e  c o n t i n u i t y  of a norm can b e  proved heir? 
:'? ?rove t h e  c o n t i n u i t y  o f  a f u n c t l z n  which i s  n o t  q n i t e  a  norm, 

R e p r e s e n t a t i o n s  

:%fat?lenaticians do no t  make f o r n a l  deduc t ions  b u t  r a t h e r  t h e y  rea,soE 
"it?. t h e i r  own r e p r e s e n t a t i o n s  o f  f a t n ~ i l i a r  o b j e c t s .  Tt i s  sorcetimes 
p c s s i b l e  t o  pu t  t h e s e  i - e p r e s e n t a t i o n s  i n  c o n c r e t e  forr :  b u t  t rhey may 
r e m a i ~  p u r e l y  x e n t a l ,  Some o f  t , k e ~ .  a r e  u n i v e r s a l ,  o t h e r  a r e  s p e c i f i c  
ts each persozi, 

Geometr ical  r e p r e s e n t a t i o n s  and p l a n e  c l re~~rings  are v e r y  h p o r t a n t ,  
TI< -..--y .- nay  be o n l y  a s u p p o r t ,  But soraetines t i e  a rgumenta t ion  i s  o n l y  

g e o m e t r i c a l  and nobody woi~.ld f e e l  n e c e s s a r y  t o  a c t u a l l y  prove sene 
i n t e r m e d i a t e  r e s u l t s  whic!i a r e  r e a l l y  obv<ov.s on t h e  drawing,  l i<oreov~r  
t h e  mathe:n.atician f r e q u e n t l y  makes a drawing i n  $he p l a n  (P-), 

7 ~ o s s i b i y  imagines a  voiune i n  our  u.su.al space  ( R - ) ,  and h a s  t h e  
n  i c t u i t i o n  t h a t  what he s a y s  i s  a l s o  t r u e  i n  W , 

'The v i s u a l  geometry i s  an u s u a l  suppor t  f o r  mar?. It would be  
n e e z s s a r y  t o  f i n d  f o r  coznpu.ters, a s i m i l a r ,  if n o t  i d e n t i c a l ,  repre- .  
c e n t a t i o n ,  

n lhn  drawing i s  sometimes a c o ~ i c r e t e  suppor t  b u t  t h e  men-tal irnage 
which i-s i n  t h e  t r a i n  i s  more complex, For  example, everybody "sees"  
t h a t  t h e  f o l l o w i n g  dra,-vring r e p r e s e n t s  an  i n f i n i t y  o f  p o i n t s  c o n v e r g i a ~  
t o  t h e  l i m i t  1 : 

- 
i n  one o f  t h e  problems, sequences  which ccnverge t o  e v e r y  p o i n t  of 
"c'ne first sequence are b - u i l h  and t h e  c o c s t r i ~ c t i o n  i s  r e i t e r a t e d  t o  
o r d e r  n  and t o  i n f i n i t y ,  Var ious  diagrams axe  used t o  e x p r e s s ,  r a t h e r  
badly, t h e  mental image which i s  e l e a r  i n  everyone" b ~ r a i n ,  Mathemati- 
c i a n s  h ~ . v e  a  mental  r e p r e s e n t a t i ~ n  of t h e  " r e a l  l i n e "  i n  which +,be 
c o c s t r u c t i o n  i s  e a s i l y  made b e f o r e  t h e  f o r m a l i s a t i o n ,  which i s  
d e l i c a t e ,  

The c o r q u t e r  must have i t s  own r e p r e s e n t a t i o n  o f  t h e  " r e a l  l i n e "  
in o r d e r  t o  b e  a 5 l e  t o  work upon i t ,  and t o  "see"  accumulat ion p o i n t s  
and. i s o l a t e d .  p o i n t s  8,s a a t h e m a t i c i a n s  do,  

I b e l i e v e  it i s  i n d i s p e n s a b l e  t o  g i v e  t o  t h e  computey good r e p r e -  
s e n t a t i o n s  o f  a l l  n o t i o n s ,  which e i t h e r  i m f t a t e  human ones o r  a r e  
c o ~ ~ - p u t e r s ' o w n ,  Anyhox i t i s  n e c e s s a r y  t o  deep ly  anal;ise human r e p r e -  
s e n t a t i o n s  f o r  ea,ch n o t i o n  i n  p a r t i c u l a r .  

- 
Kach rcathercatician may a l s o  have h i s  otm way o f  t h i n k i n g  whi cli 



depenOs on h i s  s p e c i a l i t y  and h i s  competences, T b e l i e v e  t h a t  
computers must have i n  memory something analogous t o  t h e  mathemati- 
c i a n '  s  "experience" 

- O )  Methods - H e u r i s t i c s  

a )  Among observed methods, t h e  most important and genera l  one i s  
undoubtedly t h e  n e c e s s i t y  of  doing p l ans ,  This  i d e a  was s u c c e s s ~ u l l y  
experimented i n  another  domain by PLt ra t (1977) .  

For some simple p r o b l e ~ s ,  a f t e r  one has t h e  "good idea" ,  t h e  
remainder of  t h e  proof can be done mechanically enough, But a s  saon a s  
a problem becomes r a t h e r  complicated, it i s  necessary  t o  do a p l a n ,  
i , e .  t o  decompose it i n t o  success ive  goa ls  t o  reach.  In  e f f e c t ,  t h e  
irrmediate s t e p  t o  execute may be f a r  away from She u l t i m a t e  goa l*  

Sometimes even, s e v e r a l  more o r  l e s s  d e t a i l e d  p l ans  a r e  t o  be done, 
I,2ien some decomposition l e v e l  i s  reached,  a man w i l l  a d n i t  some po in t s  
a s  t r u e ,  (Th i s  l e v e l  depends on h i s  own expe r i ence , )  I n  gene ra l ,  it is 
q u i t e  l e g i t i m a t e ,  bu t  it may a l s o  happen t h a t  t h e  d i f f i c u l t y  i s  
overlooked, I n  f a c t ,  a c e r t a i n  mathematicians'  consensus allows t o  
judge i f  t h e  proof i s  c o r r e c t .  It i s  d i f f i c u l t  t o  e s t ima te  what a 
computer could. admi-t a s  t r u e ,  An;may, even i f ,  a t  l a s t ,  every d e t a i l  
has t o  be proved, it must be merely e i t h e r  an easy v e r i f i c a t i o n  worli 
o r  an easy FLeduction by analogy with a known s tored  r e s u l t ,  

k )  Some o t k e r  genera l  nethods were observec : 
- 1,lake use of your own rr is takes o r  of wha5 i s  not s u i t a b l e  ; 
- Study p a r t i c u l a r  ca ses ,  e i t h e r  a s  gene ra l i zab le  examples, e i t h e r  as 
- - 1 1  ~ e r s x m p i . e s  ; 
- Separa te  d i f f i c u l t i e s  end r ep laze  a problem by two o r  more indepen- 
j s n t  problems. 

Tt is p o s s i b l e ,  wi th  some r e f l e c t i o n  e f f o r t  t c  express  
h e u r i s t i c s  which a r e ,  a p r i o r i ,  very i n t u i t i v e ,  good mathematician 
s-ucceedeci i n  twc: d i f f i c u l - t  s i t u a t i o n s ,  Otlier i d e a s ,  a p r i o r %  very 
i n t u i t i v e ,  could hopefu l ly  a l s o  be s t a t e ?  p r e c i s e l y .  An indepth 
a n a l y s i s  seems necessary,  p re fe rab ly  done by s p e c i a l i s t s  i n  t h e  
s i ~ b j  e c t  . 
5 " )  "Ideas" 

a )  A f requent  phenomenon nus t  f i r s t  be under l ined  : t h e  "good idea" 
which d.oes not l e a d  t o  t h e  expected r e s u l t ,  e i t h e r  Secause it is 
app l i ed  t o  a wrong ob jec t  and t h e  use of  t h i s  o b j e c t  i s  never 
chal lenged,  e i t h e r  because i't i s  d r iven  away by another  i d e a  -- good 
01% bad - \&en knowing t h i s  phenomenon, it i s  p o s s i b l e  t o  t r y  and 
avoid t h a t  programs behave i n  t h i s  manner. 

3) Now, it would be i n t e r e s t i n g  t o  know how t h e  "good ideas"  a r e  
round, not only t h e  real1.y new and o r i g i n a l  i deas  of  t h e  c r e a t i v e  
r e sea rche r s ,  but a l s o  merely ideas  thak t h e  average mathematician 
a70ta.ins aCter  a l i t t l e  thought ,  

Many authors  s tud ied  t h i s  ques t ion  ( de Bono(1972), ~ a d m - a r d ( l 3 5 3 ) ,  
?o lya(  19145) ) , but lie answer has been y e t  found. 

It i s  very  d i f f i c u l t  t o  observe how ''good ideas"  a r e  found because 
we neve not access  t o  t h e  "prograns which a r e  i n  our  b r a i n w P  We ca.n 
on?;: exzr ine  t h e i r  r e s q l t s  and t r y  t o  p!,is?oizt t h e  d l t a  .i.ri?icl? are Ted 



t o  them. These programs a r e  g radua l ly  r e f i n e d  a s  t h e  mathematician 
becomes more and more experienced,  

Perhaps i n  t h e  f u t u r e  one can expect t h a t  l e a r n i n g  techniques 
vo-uid b u i l d  i n  computers t h e  same programs, o r  equiva len t  ones ! 

IV - CONCLUSION 

But T be l i eve  t h a t  now, we must s t a r t  by deeply ana lys ing  sub jec t s  
in orde r  to de f ine  important no t ions ,  o rganize  t h e  s to rage  and 
adequate l i n k i n g  of a l l  informations and s e t  up a l i s t  o f  h e u r i s t i c s  
t o  be t r i e d  i n  c e r t a i n  s i t u a t i o n s ,  

Three o t h e r  types  of  experiences can s t i l l  be considered,  it may 'be 
a,sked t o  a mathematician t o  express  a l l  t h a t  some no t ion  c a l l s  up, 
and. how he would expla in  ( v u l g a r i z e )  i t ,  One can a l s o  observe a 
mathematician reading a new mathematleal t e x t  i n  o rde r  t o  examine ho-t: 
he "understands" it and, l i t t l e  by l i t t l e ,  absorbs new informat ions ,  
F i n a l l y ,  a c a r e f u l  i n t r o s p e c t i o n  about one ' s  own r ep resen ta t ions  coul?~ 
g ive  types  of r ep ren ta t ions  which could be u s e f u l ,  a l though not 
imive r sa l  . 
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AB STRAGT 
'Itro "Ands o f  kncswledge n e c e s s a r y  f o r  t e x t  u n d e r s t a n d i n g  sys tems  

t h a t  a r e  p r o c e d u r a l ,  n o t  d e c l a r a t i v e ,  a r e  p r o c e s s e s  on i h e  knowledge 
s t r u c t u r e  (e .g . ,  p a t h - t r a c i n g )  and knowledge o f  c o n c e p t s  l i k e  ""anal* 
gy" and "euphemism". The d e s i r a b i l i t y  o f  beFng a b l e  t o  man ipu la te  
p r o c e d u r e s  a s  d a t a  makes a  c a s e  f o r  having t h e  same f a m a t  f o r  b a t h  
d e c l a r a t i v e  and procedura4. knowledge T h i s  i s  ach ieved  by m i t i n g  
p r o c e d u r e s  f n  a semant i c  neQ f o m a l i s m .  Execut ing such  a  p rocedure  
p roduces  a network t h a t  e x p l i c i t l y  c o n t a i n s  t h e  c o n t r o l  s t r u c t u r e  a s  
w e l l  a s  t h e  d a t a .  

DESCRIPTORS: p r o c e d u r a l  knowledge, s e m a n t i c  networks 

1. P r o c e d u r a l  d e c l a r a t i v e  - 
A g e n e r a l  i n t e l l i g e n t  sys tem must i n c l u d e  p r o c e d u r a l  and d e c l a r a -  

t i v e  knowledge, which co r respond  t o  ":tnowirtg how" anti ""knowing t h a t " ,  
r e s p e c t i v e l y  (Winograd, 1975) .  The f o m a t  f o r  t h e s e ,  and o t h e r ,  d i -  
mensinns  o f  knowledge cou ld  be  t o  t a l l y  d i s t i n c t  b u t  Scragg ( 1  975) 
inaLes a c a s e  f o r  u n i f o r m i t y ,  c i t i n g  t h e  problems o f  c o n s i s t e n c y ,  
redundancy,  and l e a r n i n g  t h a t  a r  i s e  i f  s e p a r a t e d  a But a d d i t i  o n a l l y  
s y s t e m s  shou ld  b e  ah22 t o  i n s p e c t  and change p r o c e d u r a l  b o w l e d g e -  In 
h i s  p l a n n e r ,  S a c e s d o t i  (1375)  h a s  a " c r i t i c i s m  phasegP t o  t u r n  u n r e l i -  
a b l e  p l a n s  i n t o  s a f e  ones .  Scragg (1975)  o b s e r v e s  t h a t  "It d o e s n e t  
s e e n  p o s s i b l e  t h a t  p e o p l e  cou ld  i n  g e n e r a l  answer d e t a i l e d  q u e s t i o n s  
abou t  an a r t k o n  but: n o t  b e  a b l e  t o  perform it" (p. 31, implying tt,a: 
ques t ion-answer ing  sys tems  shou ld  be  a b l e  t o  a c c e s s  p rocedura l  
knowledge. Consequent ly  p r o c e d u r a l  knowledge d o e s  n o t  e x i s t  s o l e l y  t o  
con t ro l ,  t h e  p e r f o m i n f :  of  a c t i o n s  b u t  i s  a l s o  s u b j e e e  t o  some o f  t h e  
s a n e  p r o c e s s e s  a s  d e c l a r a t i v e  knowledge. 

R iege r  (1976)  and Scragg (1975)  propose  r e p r e s e n t a t i o n s  f o r  
knowledge t h a t  a r e  deemed a d e q u a t e  f o r  b o t h  l i n g u i s t i c  comprehension 
a s  w e l l  a s  e x e c u t i o n  of a  p r o c e s s .  To test t h i s  d u a l i t y  t h e r e  should  
b e  a c o n t r o l l e d  robo t  a s  w e l l  a s  l i n g u i s t i c  a n a l y s i s r  Alas  t h e r e  i s  
v e t  no r o b o t  i n  t h e i r  sys tems .  It may b e  intuitively e a s y  t o  see t h a t  
a d e s c r i p t i o n  i s  i n a d e q u a t e :  a  p r o c e d u r e  f o r  d r i v i n g  a c a r  may be  
"%wrist t h e  s t e e r i n g  wheel and j i g g l e  t h e  p e d a l s  on t h e  f loor" ' .  But 
mare complex d e s c r i p t i o n s  need a  formal  test. C u r r e n t  g e n u i n e  r o b a t s  
a r e  l i n k e d  t o  s m a l l e r  wor lds  t h a n  a r e  found i n  l anguage  p r o c e s s i n g  
s y s t e m s ,  e . g , ,  h b l e r  e t  aZ. (1975)  have a  r o b o t  t o  assemble  b l o c k s  
i n t c ~  t o y  c a r s ;  i t  h a s  no Pangmge  c a p a b i l i t i e s  $0 d e s c r i b e  i ts  ac- 
t i o n s .  A t  p r e s e n t  no sys tem cou ld  u n d e r t a k e  t o  make S c r a g g P s  o rne le t t e  
o r  t o  o p e r a t e  a r e v e r s e  f l u s h  t o i l e t  f o r  R iege r .  Thus t h e r e  i s  a n  
unproven gap En t h e  f o m a l f s m s  f o r  d e s c r i p t i o n s *  

1 want t o  r e p r e s e n t  some p r o c e d u r a l  a s p e c t s  o f  knowledge t h a t  a r e  
used i n  Iianguage unders tandPng b u t  a r e  n o t  motor  p r o c e s s e s  and s o  d n  
n o t  requt re  a r o b o t  f o r  t e s t f n g .  In  s e c t i o n  2 t h t s  knowledge i s  
p r e s e n t e d  * The format  used to w r i t e  t h e  p r o c e s s  d e s c r i p t t o n s  i s  a 



s e m a n t i e  network t h a t  h a s  p r e v i o u s l y  been used f o r  d e c l a r a t i v e  
knowledge i n  d i s c o u r s e  a n a l y s i s  ( P h i l l i p s ,  1977) .  I n  s e c t i o n  3 a  
v a r i e t y  of p r o g r a n s  w i l l  b e  p r e s e n t e d .  n u s  o v e r a l l  t h i s  i s  an exper- 
iment i n  seek ing  a  t e s t a b l e  uniform f o m a l i s m  f o r  p r o c e d u r a l  and de- 
c l a r a t i v e  knowledge 

2. m a t  - -  is ? 
To unders tand one t h i n k s  ; t h i s  f r  a n  i n t e r n a l  m a n i p u l a t i o n  of  

knowledge, T h i s  i s p r o e e d ~ r a l ,  
A d d i t i o n a l l y  p e o p l e  have l e x i c a l  concep t s  t h a t  a r e  p r o c e d u r a l  

Cons ide r  t h e  problem of accepe lng  nove l  u t t e r a n c e s .  Some may reason- 
a b l y  h a v e  an e x p l a n a t i o n  based on d e d u c t f o n  from d e c l a r a t i v e  
knowledges For  example, '"rv gobb les  t h e  c a v i a r "  is  accep ted  by 
knowing "animals  i n g e s t  foodP\ "bf.larv is  an animalf'",'"caviar is a 
food"', and "gobble i s  a inges t ' "  For an anomalous p r o p o s i t i o n ,  "Harry 
munches a s p i d e r " ,  t h e r e  i s  no knowledge t h a t  " 'spider is  a  food" 
( P h i l l i p s ,  1997). 

Compare t h i s  w i t h  judg ing  t h e  ana logy  '%umming b i r d s  a r e  l i k e  
b u t t e r f l i e s ' "  There  is a  s p e c i f i c  i m p l i c i t  c o n t e x t :  suck ing  n e c t a r ;  
growth t o  m a t u r i t y  i s  n o t  v a l i d .  Deduction from a  g e n e r a l i z a t i o n  
'%Bids a re  l i k e  i n s e c t s  i n  f eed ing"  j u s t  doesn" t work; i t  cou ld  pro- 
duce  an ana logy  between pengu ins  and a n t s l  Analogy Is a  r e l a t i o n s h i p  
between c o n c e p t s  t h a t  e x i s t s  when t h e  c o n c e p t s  h a v e  common f u n e t i o n a l -  
l y  r e l e v a n t  p r o p e r t i e s .  The formal  g e n e r a l i z a t i o n  can then b e  w r i t t e n  
a s  a . rocedure  t h a t  matches p r o p e r t i e s .  Tne q u a l i f f c a t i o n  can b e  
added t h a t  r e c e n t  n r  a f t  used a n a l o ~ u e s  may have d e c l a r a t i v e  represen-  
t a t t a n s ,  e.g.,  " lave"  and '"red roses" .  I n  a s i m i l a r  v e i n  Winograd 
( 1975 ) makes a c a s e  f o r  second o r d e r  knowledge--knowledge about 
knowledge-be ing  p r o c e d u r a l .  In  p a r  b i c u l a r  he ment ions  heur  ist i c s ,  
which l i k e  analogy a r e  c o n t e x t  dependent .  

3 .  Procedures  & network 
To r e p r e s e n t  p r 6  e d u r e s  i n  a net-malism i t  i s  n e c e s s a r y  t o  

show how a  computat ion 2s  d e f i n e d  and how i t s  r e p r e s e n t a t i o n  is  i n t e r -  
p r e t e d .  F i r s t  i n  t h i s  s e c t i o n  is  a n  exarnple of  ma themat tca l  pra-  
e e d u r e  t o  a c q u a i n t  t h e  r e a d e r  w i t h  t h e  g e n e r a l  approach.  T h e r e a f t e r  
come p r o c e s s e s  on netassrk s t r u c t u r e  and p r o c e d u r a l  c o n c e p t s e  

3 eL Ma t h e m a t i c a l  - 
The s m a l l e s t  u n i t  o f  p r o c e s s i n g  i n v o l v e s  a n  a c t i o n  and i t s  argu- 

ments.  F i g u r e  1 c o n t a i n s  " suh t rac$" ,  sJhieh c a u s e s  t h e  d i f f e r e n c e  of  
i t s  arguments  BARG1, ARG2)  t o  b e  f a m e d *  "Sub t rac t f '  is taken  a s  a 
p r i m i t i v e .  e r e  w L 1 E  have t o  b e  a  f i n i t e  n m b e r  of p r i m i t i v e  
p r o c e s s e s  i n  t h e  sys teme  They w i l l  b e  a c t i o n s  on t h e  network,  e.g., 
t r a v e r s e  an a r e ,  and mathemat ica l  operations. 

F i g u r e  % D e f i n i t i o n  of " f a c t o r i a l "  



modal I t y  nodes  ( r e p r e s e n t e d  by 0 )  a c t  a s  l o c a l  c o n t r o l l e r s  f o r  
t h e  computa t ion .  m e n  c o n t r o l  r e a c h e s  a  m o d a l i t y ,  t h e  a s s o c i a t e d  corn- 
p u t a t l o n  f s  i n i t i a t e d .  On c o m p l e t i o n ,  t h e  v a l u e  is  a s s o e f a t e d  ~ r h  
t h e  p r o c e s s  us ing a  EIETALZNGUAL (PiTS,) a r c .  Defined v a l u e s  a r e  a l s o  
s t o r e d  u s i n g  t h i s  d e v i c e .  In  F i g u r e  1 t h e  v a l u e  o f  O ?  is  shown s t o r e d  
i n  t h i s  manner. 

F u n c t i o n s  c a n  b e  r e p r e s e n t e d  us ing  m e t a l i n g u a l  r e l a t i o n s .  These 
a s s o c i a t e  a  f u n c t i o n  name ( o r  i n  f a c t  any c o n c e p t )  w i t h  a  n e t  of ac-  
t i o n s  t h a t  p roduces  I t s  v a l u e *  I n  F i g u r e  I ,  n! - n * (n-1)  f i s  s h o r n .  

Arguments o f  a c t t o n s  a r e  l i n k e d  i n t o  taxonomies by I S A  t o  show 
t h e  k i n d s  o f  v a l i d  a rguments ,  e.g., t h a t  t h e  argument of  t a c t o r h l  
s h o u l d  be a  number, F i g u r e  1. The TUNIFESTATION (MAN) a r c s  a r e  used 
i n  F i g u r e  I t o  show t h a t  i t  i s  t h e  same v a l u e  o f  t h e  argument o f  Eac- 
t o r i a l  t h a t  a p p e a r s  a t  v a s l a u s  p o i n t s  i n  t h e  d e f i n i n g  computa t ion .  

A r e c t l r s i v e  f u n c t i o n  i s  one i n  which t h e  de f in iendum i s  a l s o  an 
a c t i o n  i n  t h e  d e f i n i e n s ,  a s  w i t h  f a c t o r l a 1  i n  F i g u r e  1. 

Execut ing t h e  p r o c e d u r e  g i v e n  i n  F i g u r e  I f o r  2 1  w i l l  show t h e  
p o t r n t i a l  f o r  network c o n s t r u c t i o n .  The. f i r s t  s t a t e m e n t  o f  t h e  compu- 
t a t i o n  i s  shown i n  n e t  A i n  F i g u r e  2..  As a  v a l u e  f o r  t h i s  s t r u c t u r e  
i s  n o t  e x p l i c i t l y  i n  t h e  n e t ,  t h e  m e t a l i n g u a l  d e f i n i t i o n  is  used,  pro- 
duc ing  t h e  n e t  B i n  F i g u r e  2. The n e t  copying p r o c e s s  shou ld  a l s o  b e  
in network form and shou ld  be shcwn, b u t  i t  i s  o m i t t e d  f o r  the3 s a k e  a f  
c l a r i t y .  The "mul t ip ly"  c a n n o t  b e  performed, one n f  i t s  arguElents i-tas 
a  d e f i n i t i o n  c o n t a i n i n g  " f a c t o r i a l "  which must f i r s t  be  e v a l u a t e d .  
But  ? g a i n  t h e r e  i s  a complex argument t o  h e  eva l l l a t ed .  Ti., n t '.,:&- 
t r a c c n  can be  performed,  t o  g i v e  the  answer 1, ~ h i c k  i s  then  a l s o  t h e  
argurnenc o f  t h e  " f a c ~ o r i a l " ~  But 1 :  is  nee known so  a g a i n  t h e  d e f i n i -  
t i o n  i s  used t o  g i v e  network C -in F i g u r e  2. En G t h e  s u b t r a c t i o n  gdves  
a n  ar j iunent  0 t o  t h e  f a c t o r i a l ;  01 -Is e x p l i c F t L y  known CF:gure I ) ;  t h e  
.nu1 t i p l i c a t i o n  y i e l d s  I as  t h e  v a l u e  o f  1 ?. The mu1 t i p l i c a t i o n  i n  R 
can now be  c a r r i e d  out  g i v i n g  2 as t h e  v a l u e  o f  2 ?  

- -  - - 
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F i g u r e  2 E v a l u a r i o n  o f  2!  

3 .2 G e n e r a l  p r o c e s s e s  an - - 
I t  i s  h y p o t ' i ~ e s i s e d  : h a t  "chere a r e  twa basic. p r o c e s s e s  i n  us ing  

knowledge (IPlaflLfps, 1 9 7 7 ) .  One i s  p a t h - t r a c i n g ,  which i s  used i n  
i n t e r s e c t i o n  t e c h n i q u e s  f o l l o d n g  Qui l%$an  (19693.  The o t h e r  i s  
pa t t e rn -match ing  , whf c h  ma tches  two s u b n e t s .  

Ttae p r i m i t i v e  a c t i o n s  f o r  p a t h - t r a c i n g  i n c l u d e  whtch 



h a s  tw arguments ,  a node and a n  a r e t y p e .  It r e t u r n s  a node t h a t  Fs 
connec ted  t o  t h e  argument node b y  t h e  a r e ;  i f  t h e r e  i s  no such  node 
t h e  a c t t o n  r e t u r n s  FALSE. The a c t i o n  " f l a g "  p u t s  a  marker on a  node 
and " c e s t ' Y o o k s  f o r  t h e  marker*  bno the r  a c t i o n  '9locateW f i n d s  a node 
( t h r o u g h  a  d i c t i o n a r y )  i n  t h e  network t h a t  c o r r e s p o n d s  t o  a  word- 

A program i s  a  p a r t i ,  I f y  o r d e r e d  set a f  computa t ions .  S t r i c t  
o r d e r  lng i s  given by  SEQlJEMGE (SEQ) r e l a t t o n s  betweern m o d a l i t i e s ;  
c o r o u t b n e s  a r e  l i n k e d  by SIMULTANEOUS (SML) r e l a t i o n s ,  F i g u r e  3. 

F i g u r e  3 k p a t h - t r a c i n g  r o u t i n e  

The p r e s e n t  thought  a n  c o n d i t i o n a l s  i s  t o  have c o n t r o l  pass  t c  a 
m o d a l i t y ,  i n d i c a t e d  by a SUCCESS (SCS) a r c ,  when an a c t i o n  succeeds :  
o t t l e rwise  c o n t r a 1  goes  t o  t h e  n e x t  a c t i o n  i n d i c a t e d  by the sequence 
s t r u c t u r e ,  F i g u r e  3.  

In FIgure  3 a  program t o  show t h a t  F t  i s  p o s s i b l e  f o r  an o b j e c t  
named by a  word x t o  perform an a c t i o n  named by ward y ,  by  f l n d f n g  an 
i n t e r s e c t i o n  f n  a  g e n e r a l  p r o p o s i t i o n -  I n  Fdgure 4 t h e  p rocedure  of  
F i g u r e  3 i s  shown having been executed on an a p p r o p r i a t e  d e c l a r a t i v e  
s t r u c t u r e .  The argument a r c s  p o i n t  t o  t h e  a c t u a l  v a l u e s  r a t h e r  than 
t o  t h e  f o m a l  ones  o f  F i g u r e  3. I f  t h e r e  were no i n t e r s e c t i o n  then 
"test'hand ""flag" w u l d  no t  have t h e  s a n e  node as argument. 

F i g u r e  4 A p p l i c a t i o n  o f  a  p a t h - t r a c i n g  r o u t i n e  

3.3 P r o c e d u r a l  - - 
Analogy a p p l i e s  t o  i t ems  t h a t  have common a t t r i b u t e s .  T%e o r i g i -  

na% c h o i c e  of a r t r t b u t e s  Is n o t  p a r t  o f  t h e  p r o c e s s  b u t  i s  determined 
by a h i g h e r  l e v e l  c o n t e x t  The a t t r i b u t e s  a r e  c h a r a c t e r i z e d  by a n e t ,  
n o t  a s i n g h e  node. The process i s  t o  find i t e m s  t h a t  p o s s e s s  t h e  
a t t r i b u t e s ,  u s l n g  pat tern-matching . 



or c o n s i d e r  "euphemism" %Fdni is  t h e  s u b s t i t u t i o n  of  a n  o f f e n s i v e  
word by a  l e s s  d e r o g a t o r y  one.  F o r t u n a t e l y  t h e  a b i l i t y  t o  mite fune- 
t i o n s  e n a b l e s  t h e  p r o c d u r e  t a  b e  m i t t e n  a s  a hierarchy of sub- 
f u n c t i o n s  r a t h e r  than  a s  a  monol i thkc r o u t i n e .  The p r o e d u r e  f o r  
F? ~tupheraistn" can b e  broken i n  t h r e e .  F i r s t  t h e r e  is a  s e a r c h  f o r  a 
concep t  t h a t  h a s  t h e  bad c o n n o t a t i o n s ,  t h e n  a l e s s  o f f e n s i v e  
e q u i v a l e n t  is saugh t  , and t h e  o r i g i n a l  r ep laced  . The sub-procedures  
c a n  l i k e w i s e  b e  decomposed m e t a l i n g u a l l y ,  

4 .  D i s c u s s i o n  
A t  t h e  t ime o f  w i k L g  on ly  mathemat ica l  and p a t h - t r a c i n g  

r o u t i n e s  have  been programmed. 
The examples i n  S e c t i o n  3 were p r e f o m e d  r o u t i n e s .  A p r o g e s s i v e  

s t e p  i s  t o  c o n s t r u c t  complm r o u t i n e s  from b a s i c  a c t i o n s *  I n  s e l e c t -  
i n g  a  p l a n  one needs  t o  know what i t  d o e s  t o  what. T h i s  i s  a l l  

I P p r e s e n t  i n  t h e  network; e l g . ,  t r a v e r s e "  would appear  as f r ~  one  o f  i t s  
i n s t a n c e s  i n  F i g u r e  4 excep t  f o r  having g e n e r a l  r a t h e r  than s p e c i f i c  
arguments .  By comparing t h e  arguments o f  g e n e r a l  a c e i o n s  w i t h  t h e  
s p e c i f h c  problem, a p p l i c a b l e  a c t t o n s  can  b e  found-  This method can h e  
ex tended  t o  f i n d  c m p l e x  p l a n s *  Such a p l a n  can b e  cmpounded us ing  
t h e  m e t a l i n g u a l  d e v i c e .  For example, a  g e n e r a l  form of F i g u r e  4 can 
b e  t r e a t e d  %n i t s  e n t i r e t y  a s  a  p l a n  t o  e s t a b l i s h  agency.  The i n i t i a l  
and f i n a l  s i t r ~ a t i o n s  can b e  c h a r a c t e r i z e d  a s ,  r e s p e c t i v e l y ,  two d i s -  
j o i n t  nodes and then d t h  a n  a g e n t  r e l a t i o n  between them. I n  t u r n  
t h i s  agency p l a n  could  b e  p a r t  of a  l a r g e r  scheme. 

The h i e r a r c h y  e n a b l e s  a top-dom approach t o  problem s o l v i n g .  A 
p l a n  t h a t  c o v e r s  s h e  whole problem, bug o n l y  3.n terms of  l e s s  g e n e r a l  
p l a n s  n o t  p r e c i s e l y ,  can b e  s e l e c t e d .  G r e a t e r  d e t a i l  can b e  added by 
s u c c e s s i v e l y  r e p l a c i n g  g e n e r a l  p l a n s .  Ef t h e  p l a n  c a n n o t  b e  complete- 
l y  formed t h i s  way, t h e  gaps  can b e  f i l l e d  by a  bottom-up use  of  prim- 
i t i v e  a c t i o n s .  R e c a l l  t h a t  t h e s e  f ragments  a r e  d a t a  s t r u c t u r e s  d u r i n g  
p l a n n i n g  and can b e  manipula ted  t o  t i e  t o g e t h e r  v a r i a b l e s  t o  produce a 
p l a n  i n  a  S o m a t  a s  g i v e n  i n  F%gure 3 ,  s a y .  
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A COMPUTATIONAL STUDY O f  A PERIOD OF INFANT DEVELOPMENT 

K ,  Prazdny 
Computer Centre, Essex Lhivers i t y  , U,K, 

Abstract 

A period i n  t h e  e a r l y  Lman developmen"canging fmm about L2 t o  20 
weeks is described i n  terms of t y p i c a l  behaviours c h a r a c t e r i s t i c  of t h i s  
developmental s t age ,  The behaviours a r e  reassessed i n  terms of a computer 
model and it is  argued t h a t  they a r e  a r e s u l t  of t h e  i n t e r a c t i o n  between 
perceptua l  and conceptual Levels of t h e  system and t h e  way i n  which a 
c o n f l i c t  between competing descr ip t ions  of t he  objec t  a t tended t o  is  
=solved,  A s  such, t h e  r a t i o n a l e  underlying the  ppmgram suggests  "cat it 
is t h e  objec t  and i t s  event descr ip t ion  which fomn t h e  bas i c  un i t  of ana lys is  
and not t h e  i n f a n t ' s  previous a c t i v i t y  as  argued by Piaget (P i age t ,  19541, 
o r  the notion o r  p laces  a s  argued by Bower (Bower, 1 9 7 l ) ,  

Object concept development, object  i d e n t i t y ,  motion percept ion,  
developmental model, 

Introduct ion 

The na ture  of t h e  objec t  concept development i s  one of t h e  most s tud ied  
pmblems i n  t he  psychology of t h e  i n f a n t ,  I t  t akes  a baby &out 18 months 
t o  develop an adul t - l ike  concept of  the  objec t  a s  being a pemanent e n t i t y  
with an i d e n t i t y  of i t s  own, Piaget"  work (P i age t ,  1954) on ab j ec t  permn-  
ency has been x p l i c a t e d  many times but  h i s  explanat ions o f  t h e  phenomena 
we= questioned f ~ q u e n t l y ,  e s p e c i a l l y  by Gibson (Gibson, 19631, 

Recently, Bower and h i s  a s soc i a t e s  (Bower, 1971; Bower, 1975; Bower, 
19771 perfomed a s e r i e s  of  experiments which o f f e r  an opportuni ty t o  compare 
two successive development s t ages  i n  computational terms because they a r e  
wel l  documented (although not  de t a i l ed  enough) and centered  around t h e  
t r a n s i t i o n  between s t age  2 and 3 of "she  ob jec t  cmcep"cevelapment, The 
concept of a developmental s t age  was introduced by Piaget  and r e f e r s  t o  a 
development period during which t h e  development a s  r e f l e c t e d  i n  t h e  behaviow 
i s  s t a t i o n a r y ,  The t r a n s i t i o n  from s tage  2 t o  s tage  3 is an important one 
because it seems t o  r e s u l t  i n  t h e  a b i l i t y  t o  i den t i fy  ob j ec t s  by t h e i r  
f e a t u r e s ,  a s t e p  of grea t  s i gn i f i cance  which s imp l i f i e s  t h e  perceptual  world 
o r  t h e  i n f a n t ,  

The experiments and behaviours of i n f a n t s  i n  only P i a g e t B s  second s t age  
of t h e  sensorimotor per iod  w i l l  be described because a mode1 f o r  t h e  t h i r d  
s tage  has not been completed ye t  (although we a n t i c i p a t e  it w i l l  be a 
s t r a igh t fo rna rd  modif icat ion of  the model f o r  t h e  second s t a g e ) ,  A t  t h e  end 
o f  t h e  second s t age ,  t h e  i n f a n t s  a re  between 12 and 2 0  weeks o ld ,  and the  
experimental s i t u a t i o n s  a r e  simple, involving a t m o s t  2 ob jec ts  simultaneously, 
PiFh movements a r e  on planes with n o m a l s  p a r a l l e l  t o  t h e  view Yector, 

1, Bn object  interes"cng t o  t h e  i n f an t  Be,g,, a t o y )  is  seen toge the r  with 
a screen ,  The semen  moves t o  occlude the  ob jec t ,  I n f an t s  a r e  
su rp r i s ed  by t h e  o b j e c t ' s  disappearance ( a f t e r  t h e  screen had moved 
o f f ) ,  and do not show any s ign  of being d is turbed  o r  su rp r i s ed  by t h e  
objec t  ' s  appeara ace . 

2 -  An ab j e c t  i s  moving on a path (a straigh;  Line, o r  a c i r c l e )  , After  
a while t h e  objec t  s t ops  i n  i"rs.1.l. view, The infanits f i x a t e  t h e  s t a t i ona ry  



objec t  f o r  a  while and then continbe t o  follow t h e  previously 
e s t ab l i shed  pa th ,  

3 ,  A rnoving objec t  i s  occluded by a s t a t i ona ry  sereen,  The i n f a n t s  
continue t o  t r ack  it while it i s  occluded, They t r ack  the  objec t  
when it =appears, and they follow its path when it does not  
reappear. 

4 ,  A m v i n g  ob jec t  disappears  cuddenly . The i n f a n t s  continue t o  
follow t h e  path,  

5 ,  A moving ab j ec t  i s m ~ ~ t e r i o u s l y  rapLaced by another  o b j e c L  The 
i n f a n t s  do not show any signs of s k r ~ p r i s e  and eantinue t o  "crack 
t h e  new ob jec t ,  

6 ,  The same a s  i n  5 but rslcii  a stdtio&:al-y ob j ec t .  
7, When t h e  replacement i n  s i t+xi* iocs  5 ~ n d  6 i s  4ene b-hile t h e  objec t  

is  i n v i s i b l e  (behind; 2 scrysn 01- i.1 a dark ~ n t s r v a ~ )  t h e  i n f an t s  
a r e  s u q r i s e d  and a g i t a t e d  EGerdraz, ,971, Soziep l l j77) ,  

8,  If one d isp laces  a s t a t ; o r ; a q  =.b;~c- the L P : ~ - ?  w i l l  fe l low i-c and 
then look back t o i t s  o~ig-raihl pocz, sil 

9 ,  A moving objec t  disappeal s k s h r r d  -2 screen, 4: tne zame rnamni 
another  objec t  appears a-r t p e  $o~i\: hike-e ehc: o ~ i g i - ? R  m j e c t  sborad 
reappear ,  and moves a n  t b e  came p* ti, % i t l a  t,le same ve ioc i ty ,  The 
i n f a n t s  a r e  s u q r i s e d  and c o n f r r r , ~ ~  Sonetlmes one can abseme  
a l "cma t ing  glances between " i- r c e p a a r a r l  -.t.jept a-;d t h e  screen ,  

L O ,  When a moving objec t  sudciasLj -*~i;~i,rcs -;;z t -~r ;cc~cry  m e  rnsy obse~sre 
a l t e r n a t i n g  glances betwee- "1-P cb3i.A and the old  pa th ,  

Bower (1975 proposed some hym?i..;ses ~ S O L I ~  t h e  pessrbi.e r u l e s  which 
may be used i n  i n t eap re t ing  t h e  exper ?mental sL~i l ;a t inns  de-7rrx3ed, He 
argues "cat an o b j e c t ' s  ident i t i r  % GL-.t--;-mii?el ~i 3 %  y?ai-e when it j s  
s t a t i c s n a v ,  and by i t s  ?xth of zatrcrerl. wnen i t  mows. u- l i ; r  hence tr4;i-e: ail 
ob jec t s  seen i n  t h e  same pldee or c? i h ~  Sam p36ii 0, movomnt a r e  t h s  same 
objec t .  A d e t a i l e d  ana lys l s  eT hjs e x p e r i m n t s  shoir.s, however, t h a t  t h i s  
cannot b e  t h e  whole s t o r y ,  a j ~ d  t h a t  no explanat ion which does not  take t h e  
f e a t u x  complex of an objec t  i n t o  account can expla in  a l l  t h e  d a t a s  Consider 
f o r  e x a w l e ,  the discrepancy between observa"cios 5 ,  6 and 7 ,  When t n e  
=placement i s  done r n  iuZh viers t he  a b ~ e c t s  w i l l  apparent ly be regarded 
as one i d e n t i c a l  ob j ec t ,  When t h e  ereplacement is done out  of view t h e  
i d e n t i t y  w i l l  depend on t he  f e a t u s a l  corsfispandence of t h e  two ob jec t s ,  
The i d e n t i t y  of an ob;ect m y  thus  be determined on two l e v e l s ;  on t h e  
perceptua l  l e v e l  a s  i n  t he  s i t u a t f a n s  5 and 6 ,  o r  on the  more caconceptual 
l e v e l ,  e , g , ,  i n  a oeclus-ion s i t u a t i o n  when t h e  "cwo oecuwncss of tr.e sane 
objec t  a r e  s e p a ~ a t e d  spat ia- temporal ly,  When two spatlo-temporally d i s txnc t  
ob jec ts  a r e  l inked an  a perceptua l  l e v e l  they  w i l l .  be i d e n t i f i e d  a s  one and 
t h e  sane objec t  without a  f u r t h e r  check, When such a perceptual  l i n k  is 
d s s i n g  t h e  i d e n t i t y  s t t r i b u t i t i n  is an inferential pmcess  resting an t h e  
conceptual s t r u c t u r e s  ava i l ab l e ,  

W wo~king  computer pmgram has bean constructed which models t h e  
behavioirrs described below, It is wr i t t en  i n  POPCOW ((Hardy, 19751% a 
version of C O M N I m R  (F l ebmot  and Sussman, 1972) using a  p a t t e r n - s t w c t u r e d  
data  base. The inputs  t o  t h e  propam ape low-le~reB symbolic descr ip t ions  
o f  ob j ec t s  i n  a 'snapshot The s e t  of successive 'snapshots "defines an 
e x p e r i m n t a l  sitiaa ti 0.1, The pe-ogramg s t a sk  is  t o  in re rpse t  t h e  s i t u a t i o n ,  
t o  incorporate  a new s n ~ p q h u t  into t h e  desc r tp t i an  of  s i w a t i o n  f o m d  so  
f a r ,  and "c decide what t o  d o  a f t e r  each snapshot has  been i n t e p t e d ,  The 
ac t ion  r e p e r m i =  af t h e  program i s  not l.arge, It cons i s t s  of the ability 
t o  'Pta?ack" an ob jec t ,  t o  be sx -g r i s ed ,  t o  "cryv,  and even"ially t o  be 
confused beyond mcove-qr, 



The program c o n s l s t s  of  3 " l aye r sv ,  The f i r s t  l a y e r  is the  low- 
l e v e l  computation which d i s t i ngu i shes  the f ixed  and moving ob jec t s  i n  
the  program's "v isua l  f i e l d " ,  is done by a  "differencirrg" cornpa- 
t a t i o n  i n  which a  new snapshot is comaamd with t h e  i n t e r p r e t a t i o n  of 
%he s i t u a t i o n  s o  f a r ,  This is a self-contained module i n  which motion 
is computed i n  a  shape-independent way* The computatian i s  s i m i l a r  t o  
t h e  one advocated by, e , g , ,  Lamontape (19761, An ob jec t  i n  t h e  
"v isua l  f i e l d "  is  scharacterised by its pos i t i on ,  i t s  two-dimensional 
extension,  and its f ea tu re  l i s t ,  The depth information i s  coded by t h e  
o b j e c t ' s  pos i t i on  on one of t h e  two laminae separated in  depth. The 
lamina separa t ion  is not quan t i f i ed ,  An objec t  s o  input  t o  t h e  program 
does not have an i d e n t i t y  which r e l a t e s  it t o  t h e  program's iaternal.  
w d e l  of  t h e  s i t u a t i o n ,  This i s  done by t h e  motion com;?utation and on 
the  second l e v e l  where an at tempt is  made t o  i n t e g r a t e  a s s e r t i o n s  &out 
an ob jec t  with t h e  re levant  information i n  t he  data  base,  When ax1 
a s se r t i on  i s  not  used, o r  "attended t o f q ,  i t s  s t r eng th  au tona r i ca l ly  
decreases u n t i l  it i s  eventual ly de le ted  from t h e  da ta  base,  If an event 
f a i l s  t o  be ass imi la ted  within t h e  second Layer computation i t  w i l l  not 
be remembered, 

The second l a y e r  computation i s  based upon The observat ion t h a t  it 
takes  time f o r  a concept t o  be developed, The intermediate- level  a s se r -  
t i o n s  a r e  monitored and when they a r e  present  f o r  long enough a concept 
is developed descr ib ing  an event i n  t h e  world, The consequences of these  
ac t ions  a- worked out a t  t he  t h i r d  ' l aye r  ? ,  The whole can conveniently 
be viewed a s  compi~ting descr ip t ions  o f  increas ing  a b s t r a c t i o n ,  The f a c t  
t h a t  it t akes  time f o r  a descr ip t ion  t o  be developed accounts,  f o r  example, 
f o r  t h e  behaviour i n  s i t u a t i o n  I G e  When t h e  objec t  a t tended "c changes 
i t s  pa th  t he  system may no t i ce  t h e  change (depending on i ts magnitude) 
and because t h e  ava i l ab l e  desc r ip t j on  does not apply any more it w i l l  t r y  
t o  develop a new one, During t h i s  ' c r i t i c a l s  period t h e  decisi.on &out 
where t o  a t t end  t o  i s  P f rozen f  s o  t h a t  t h e  system w i l l  a t t e n d  t o  any objec t  
which i n h e r i t s  t he  i d e n t i t y  (computed by t h e  motion computation) of t he  
o r i g i n a l  ob j ec t ,  When the  new descr ip t ion  i s  developed two c o n f l i c t i n g  
desc r ip t i ons  of  t he  objec t  w i l l  coexis t  i n  t h e  da t a  base ,  The system w i l l  
t r y  t o  reso lve  t h e  c o n f l i c t  Sjr i nves t i ga t ing  i f  both desc r ip t i ons  
correspond t o  an ob jec t ,  This w i l l  r e s u l t  i n  an %oscillatory'  behaviour 
a s  t h e  system a l t e r n a t e s  its 'a t ten"conr between po in t s  determined by both 
desc r ip t i ons ,  

The program opera tes  mainly by using a  s e t  o f&nct ions  (and demons) 
which a r e  capable of  expect ing an. event ,  i , e ,  , which a r e  capable of pu t t i ng  
i n t o  t h e  da t a  base a  condi"cio-sensi t ive i n t e r r u p t  and o f  monitoring i ts 
ac"cvation. These expec ta t ions  spec i fy  w h a t t o  do i f  an event occurs within 
a  s p e c i f i e d  time i n t e r v a l ,  and what t o  do i f  such an event f a i l s  t o  occur ,  
When a demn embodying an expectat ion is ac t iva t ed  it nay be capable of 
pu"cing another  e x p e c h t i o n  i n t o  t h e  da ta  base, and s o  on, An expectat ion 
is i q l e m e n t e d  a s  a  p a i r  of one ifadded and one ifremoved method which may 
r e f e r  t o  each o ther  d i r e c t l y  (through a po in t e r f ,  o r  i n d i r e c f l y  (through a 
B n o t e f  i n  t he  da ta  base ) ,  The f i r s t  method i s  the  condit ion s e n s i t i v e  
i n t e r r u p t  proper ,  The secaed one i s  t r i gge red  by t h e  removal of t h e  f i r s t  
one, i,e,, by t h e  f a i l u r e  o f  an occurence of t h e  expected event within a  
c e r t a i n  time i n t e r v a l ,  Both me"cods a r e  l inked  t o  an item i n  t h e  da t a  base 
which h n c t i o n s  as a 'no te '  t o  t h e  Pc lock '  mechanism, These ' no t e sa  repre-  
sen t  t he  ' ages  of an expectat ion,  i , e , ,  t ime cons t r a in t s  on i t ,  An 
expectat ion i s  ac t iva t ed  (assembled and pu"rnto t h e  data  base)  only when 
needed, i , e , ,  i ts pa t t e rn  and funct ion body i s  determined by t h e  c o n t e ~  of 
t he  da t a  base,  

The small  a t t e n t i o n a l  capaci ty of  t h e  i z f a n t  of t h i s  age is r e f l e c t e d  



i n  t h e  r e s t r i c t i o n  t h a t  only one concept  can be  a t i e n d e d  ta a t  any 
one t lme ,  and t h a t  t h i s  obje6.t h a s  t o  be i n  t h e  cen;re of  t h e  " 'visual 
f i e l d " ,  T h i s  means t h a t  o n t y  one d e s c r i p t i o n  w i l l  be prevenred from 
decaying,  No check i s  performed on descr iptaor is  of o b j a c t s  s p e c i f y i n g  
t h e  same o b j e c t  w i t h  r e s p e c t  t o  t h e  f e a t u r e  complex, T h i s  means t h a t  
one and t h e  same o b j e c t  mzy be r e p r e s e n t e d  a s  many n o n - i d e n t i c a l  o b j e c t s ,  
i , e ,  , t h a t  many d i f f e r e n t  d e s c r i p t i o n s  of  xhe same o b j e c t  may c o e x i s r  
i n  t h e  d a t a  base  a t  t h e  s a m  t i n e ,  

The model o f f e r s  i n s i g h t  i n t o  some 'mjrsterious'  phenomena, For 
example, Bower (1967) r e p o r t s  t h a t  wi th  h i g h  d i sagpearance  r a t e s ,  t h e  
s m a l l e r  t h e  s c r e e n ,  t h e  l e s s  l i k e l y  t h e  i n f a n t s  were t o  g i v e  permanence 
responses  ( i n  s i t u a t i o n  l j ,  He s u g g e s t s  t h a t :  ",,, a s  t h e  dimension of 
t h e  s c r e e n  approached t h a t  o f  "ce d e s i r e d  o b j e c t ,  t h e  s c r e e n  ceased  t o  
f u n c t i o n  a s  a s c r e e n  and became i n s t e a d  a s u b s t i t u t e  a b j e c t "  (Bower, 
19671, The model s u g g e s t s  why, &cause o f i r h e  high disappearance r a t e  
( v e l o c i t y ) ,  t h e  motion ccmputateon w i l l  p a i r  t h e  o b j e c t  wEth t h e  s c r e e n  
i n  t h e  ' d i f f e r e n c i n g '  computation i n v o l v i n g  a snspsho t  i n  which on ly  t h e  
s c r e e n  is v i s i b l e  as t h i s  p a i r i n g  minimizes t h e  o v e r a l l  ' p e r c e p t u a l Y  
d i s t a n c e s  between objec-cs i n  t h e  two s n a p s h o t s ,  Also, because of t h e  
l a c k  of any p a r t i a l  occ lus ion  in fo rmat ion  (due t o  high v e l o c i t i e s  invo lved) ,  
t h e  system w i l l  no t  he a b l e  - to  i n f e r  o c c l u s i o n ,  I t  w i l l  n o t l c e ,  however, 
t h a c  t h e  s c r e e n  d i sappeared  and t h a t  -the o b j e c t  changed i t s  appearance,  

Conclusion - 
I t  i s  perhaps  apparen t  t h a t  the  p e c ~ l i a r  behaviour  o f  t h e  system 2s 

due to i n t e r a c t i o n s  betijeen e v e n t  d e s c r i p t i o n s  and between t h e  p e r c e p t u a l  
and concep tua l  i n f o m a t i o n  a v i i i l a k l e ,  When a c o n t r a d i c t i o n  a r i s e s  between 
two d e s c r i p t i o n s  o f  an o b j e c t  t h e  system d i s c a r d s  in fo rmat ion  o f f e r e d  by 
t h e  p e r c e p t u a l  s y s t e n  i n  favo  ir of e s t a b l i s h e d  concep tua l  s t r u c t u r e s ,  
I n s t e a a  of e x p l i c i t l y  upda t ing  i t s  d a t a  base and mergine t h e  c o n f l i c t i n g  
a s s e r t i o n s  t h e  system p r e f e r s  t o  t r e a t  the  a s s e r t i o n s  a s  d e s c r i b i n g  
d i f f e r e n t o o j e c t s ,  it p r e f e r s  t h e  conserva t ive  s t r a t e g y  o f  investigating 
i f  t h e  o l d  a s s e r t i o n  does  n o t  apply t o  any o b j e c t  any more. I t  seems 
t h a t  i n  t h i s  s t a g e  t h e  i d e n t i c a l  o b j e c t s  i n  two d i f f e r e n t  ' s n a p s h o t s '  
which a r e  n o t  l i n k e d  by a  p e r c e p t u a l  a c t i v i t y  or by an e x p e c t a t i o n  become 
i n  f a c t  two d i f f e r e n t  o b j e c t s ,  

The n e x t  s t a g e  seems t o  be c n a r a c t e r i z e d  by t h e  e x t e n s i v e  u s e  o f  t h e  
f e a t u r e s  f o r  o ~ j e c t  i d e n t i f i c a t i o n ,  Uhat a r e  t h e  s t r u c t u r e s  c h a r a c t e r i z i n g  
t h i s  nex t  s t a g e ?  The E a g e t i a n  " i a d i t i o n  i a e n t i f  i e s  t h e  t r a n s i t i o n  from 
one developmental s t a g e  t o  a n o t h e r  w i t h  t h e  p rocesses  of  accommodation, 
There i s  very l i t t l e  known about "cis p r o c e s s ,  New s t r u c t u r e s  a r e  formed 
o u t  o f  t h e  o l d  ones ,  i z  main ta ins ,  bu t  what s t r u c t u r e s ,  when and how i s  
l e f t  u n s p e c i f i e d ,  

The u l t i m a t e  aim of  t h i s  r e s e a r c h  is  t o  c h a r a c t e r i z e  two s u c c e s s i v e  
developmental s t a g e s  i n  terms of a computat ional  model and t o  compare them, 
The b a s i s  o f  t h i s  approach i s  t h e  view t h a t  t h e  more p r e c i s e l y  one can s t a t e  
the  models of what t h e  developmental s t a g e s  a r e ,  t h e  more p r e c i s e l y  t h e  
t r a n s i t i o n  p rocess  i t s e l f  can be determined,  I t  seems t h a t  whi le  i n f a n t s  
do h a m  a c c e s s  t o  a wide range of  in fo rmat ion ,  t h e y  do no t  u t i l i z e  it f u l l y ,  
and s o ,  it is  n o t  t h e  a v a i l a b l e  informat ion t h a t  determines  t h e  behaviour ,  
b u t  t h e  c o g n i t i v e  s t r u c t u r e s  by which m a l i e y  i s  t r a n s f o m e d ,  
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ABSTRACT 
A s e q u e n c e  o f  TV-frames  i s  r e c o r d e d  f r o m  a  r e a l - w o r l d  s c e n e .  I n  o r d e r  t o  
d e t e r m i n e  m o t i o n  a t t r i b u t e s  o f  o b j e c t s  t h e  s e g m e n t a t i o n  o f  t h e s e  
( d i g i t i z e d )  TV- f r ames  h a s  t o  p r o v i d e  a  r e l i a b l e  s y m b o l i c  d e s c r i p t i o n  f o r  
e a c h  i m a g e .  The  c o m p L e x i t y  c f  l i g h t  i n t e n s i t y  d i s t r i b u t i o n  a l o n g  o b j e c t  
s u r f a c e s  i n  s u c h  s c e n e s  c a l l s  f o r  a  m e t h o d  w h i c h  c a n  e x t r a c t  r e g i o n s  
a c c o r d i n g  t o  v a r i o u s  c r i t e r i a ,  T h e  a l g o r i t h m  p r e s e n t e d  h e r e  t r a n s f o r m s  
t h e  g r a y v a l u e  m a t r i x  i n t o  a  v e c t o r  f i e l d ,  t h e  v e c t o r  c o m p o c e n t s  
d e s c r i b i n g  s m a l l  l o c a l  p l a n e s  f i t t e d  t o  t h e  g r a y v a l u e  i m a g e .  A 
t h r e e - l e v e l  f i l t e r  p r o c e s s  u s e s  p a r a m e t e r i z e d  c o n s t r a i n t s  t o  r e m o v e  
i n c o n s i s t e n t  n o d e s  a n d  a r c s  f r o m  a g r a p h  w h i c h  r e p r e s e n t s  t h e  v e c t o r  
f i e l d .  Nodes  a r e  a s s o c i a t e d  w i t h  v e c t o r s ,  a r c s  a r e  i n i t i a l i z e d  t o  
c o n n e c t  a d j a c e n t  v e c t o r s ,  A r e g i o n  i s  a s s o c i a t e d  w i t h  a n  i s o l a t e d  g r a p h  
c o m p o n e n t ,  i t s  f e a t u r e s  a r e  c o m p u t e d  f r o m  t h e  v e c t o r s  i n  t h e  c o m p o n e n t .  
C o m p a r i s o n  o f  f e a t u r e s  e s t a b l i s h e s  c o r r e s p o n d e n c e  o f  r e g i o n s  o r i g i n a t i n g  
f r o m  t h e  s ame  o b j e c t  s u r f a c e  i n  d i f f e r e n t  f r a m e s .  T h e s e  r e g i o n  s e q u e n c e s  
s e r v e  a s  a b a s i s  f o r  o b j e c t  d e s c r i p t i o n ,  e s p e c i a l l y  i t s  m o t i o n  s t a t e .  

T h e  t e c h n i q u e s  f o r  s i n g l e  i m a g e  i n t e r p r e t a t i o n  - e s p e c i a l l y  o f  
a r t i f i c i a l  s c e n e s  [ W i n s t o n  751 - a r e  q u i t e  w e l l  u n d e r s t o o d ,  New p r o b l e m s  
a r i s e  i f  t h e  i n t e r p r e t a t i o n  g o a l  r e q u i r e s  t o  c o m p a r e  s e v e r a l  i m a g e s .  Two 
i m a g e s  g e n e r a t e d  b y  b i n o c u l a r  s t e r e o  v i s i o n  may b e  u s e d  t o  g e t  i n s i g h t  
i n t o  t h e  d e p t h  s t r u c t u r e  o f  t h e  s c e n e  [ L e v i n e  e t  a l .  7 3 ,  Hannah  741. To 
b u i l d  a t h r e e  d i m e n s i o n a l  m o d e l  o f  a n  o b j e c t ,  i t  may b e  v i e w e d  f r o m  
s t e p w i s e  v a r y i n g  a n g l e s  [ N e v a t i a  76, B a k e r  771. One may a l s o  c o m p a r e  
i m a g e s  i n  o r d e r  t o  d e t e c t  c h a n g e s  i n  t h e  o p t i c a l l y  p e r c e i v a b l e  
e n v i r o n m e n t  [ P r i c e & R e d d y  771. O b s e r v a t i o n  o f  m o v i n g  o b j e c t s  i n  a 
s e q u e n c e  o f  TV-frames  c o n s t r a i n s  s u c h  c h a n g e s  t o  s y s t e m a t i c  a n d  
c o n t i n u o u s  o n e s .  To c i r c u m v e n t  t h e  c o m p l i c a t i o n  o f  i m a g e  s e g m e n t a t i o n  
w h i l e  i n v e s t i g a t i n g  t h e  o c c l u s i o n  p r o b l e m ,  some  a u t h o r s  u s e d  a r t i f i c i a l  
o b j e c t s  [ A g g a r w a l k D u d a  75, Chow&AggarwaT 7 7 ,  M a r t i n & A g g a r w a l  171, O t h e r z  
o m i t t e d  t h e  s e g m e n t a t i o n  p h a s e  a n d  s t a r t e d  f r o m  s y m b o l i c  p r i m i t i v e s  
[ B a d l e r  7 5 ,  T s o t s o s  7 6 1 .  One may a l s o  d e l a y  s e g m e n t e t i o n  u n t i l  some  
m o t i o n  a t t r i b u t e s  are c o m p u t e d  a t  t h e  g r a y v a l u e  l e v e l  [ ? o t t e r  7 7 ,  
J a i n & N a g e l  773. S e p a r a t i o n  o f  s t a t i o n a r y  a n d  n o n s t a t i o n a r y  i m a g e  
c o m p c n e n t s  h a s  become s u f f i c i e n t l y  r e l i a b l e  f o r  r e a l  w o r l d  s c e n e s ,  s o  i t  
may s e r v e  as  a  p o w e r f u l  g u i d e  f o r  f u r t h e r  a n a l y s i s  [ N a g e l  1 7 1 .  An 
o p p o s i t e  a p p r o a c h  a t t e m p t s  t o  i n t e r p r e t  e a c h  frame o f  a s e q u e n c e  
i n d e p e n d e n t l y  and c o m p a r e s  t h e  s y m b o l i c  d e s c r i p t i o n s  a t  t h e  m o s t  
a b s t r a c t  l e v e l  [ B e r t e l s m e i e r & R a d i g  173 ,  A b o t t o m - u p  a n a l y s i s  o f  t h e  
f i r s t  f ew  frames i n c r e a s e s  t h e  a c c u r a c y  o f  a s c e n e  m o d e l  w h i c h  s p e c i f i e s  
c o n f i g u r a t i o n  a n d  m o t i o n  a t t r i b u t e s  o f  t h e  o b j e c t s  o b s e r v e d  i n  t h e  
e v o l v i n g  s c e n e ,  A s  a p r e d i c t i v e  m o d e l  i t  s p e e d s  up t h e  t op -dawn  a n a l y s i s  
o f  s u b s e q u e n t  f r a m e s ,  E x p e r i m e n t s  w i t h  t h i s  s y s t e m  r e v e a l e d  t h a t  a n  
u n s t a b l e ,  u n r e l i a b l e  s e g m e n t a t i o n  a n d  s h a p e  d e s c r i p t i o n  b u r d e n s  t h e  
i n t e r p r e t a t i o n  p r o c e s s  i n a d e q u a t e l y .  



The  s e g m e n t a t i o n  t e c h n i q u e  d e s c r i b e d  h e r e a f t e r  was  d e v e l o p e d  t o  
a l l o w  t h e  c o m p a r i s o n  o f  l o w  l e v e l  s y m b o l i c  i m a g e  d e s c r i p t i o n s .  The 
a p p r o a c h  r e q u i r e s  t h e  s e g m e n t a t i o n  t o  b e  s u f f i c i e n t l y  i n s e n s i t i v e  t o  
d i s t u r b a n c e s  l i k e  v i d e o - s i g n a l  n o i s e ,  s c a n  j i t t e r ,  c h a n g i n g  i l l u m i n a t i o n  
a n d  s h a d o w i n g ,  v a r y i n g  l i g h t  r e f l e x i o n ,  p e r s p e c t i v e  d i s t o r t i o n ,  p a r t i a l  
occlusion, e t c .  D i s r e g a r d i n g  t h e s e  d i f f i c u l t i e s ,  t h e  l i g h t  i n t e n s i t y  
d i s t r i b u t i o n  i n  n a t u r a l  s c e n e s  is  c o m p l i c a t e d  b y  i t s e l f ,  Horn  a n d  
Woodham e m p l o y e d  t h e  r u l e s  o f  p h o t o m e t r y  t o  s u p p o r t  a n a l y s i s  o f  o b j e c t  
s u r f a c e s  [Horn  7 7 ,  Woodham 7 7 1 ,  T h e i r  r e s u l t s  may e x p l a i n  o n l y  l o c a l  
i n t e n s i t y  d i s t r i b u t i o n s  i n  n a t u r a l  s c e n e s ,  b u t  g a v e  t h e  h i n t  t h a t  
s e g m e n t i n g  a n  i m a g e  i n t o  m o r e  o r  l e s s  h o m o g e n e o u s  r e g i o n s t  o r  r e g i ? :  
w h i c h  a r e  b o r d e r e d  b y  s t r o n g  g r a y v a l u e  d i s c c n t i n u i t i e s  d o e s  n o t  s eem L :  

b e  a l w a y s  a n  a d e q u a t e  t o o l ,  Some a l g o r i t h m s  a re  a b l e  t o  e x t r a c t  r e g i o n s  
h a v i n g  a n  i n t e r n a l  g r a y v a l u e  d i s t r i b u t i o n  o f  n o n z e r o  s l o p e  
[ Y a k i n o v s k y & C u n n i n g h a m  7 6 ,  S o m e r v i l l e e M u n d y  76  3 .  O t h e r s  e x a m i n e  
d i r e c t i o n  a n d  m a g n i t u d e  o f  t h e  g r a d i e n t  [Yoda e t  a l ,  7 5 ,  C h i e n L J a c o b u s  
761. I n  my a l g o r i t h m  n o t  t h e  g r a d i e n t  b u t  s m a l l  p l a n e s  f i t t e d  t o  t h e  
p l x e i  m a t r i x  ( s e e  a l s o  [ H o l d e r m a n n & R a z m i e r c z a k  7 2 1 )  s e r v e  a s  a  b a s i s  f o r  
r e g i o n  e x t r a c t i o n .  S i n c e  p l a n e s  a r e  d e s c r i b e d  by mean g r a y v a l u e ,  
d i r e c t i o n  a n d  m a g n i t u d e  o f  s l o p e ,  a  c o n s i d e r a b l e  amoun t  o f  i n t r i n s i c  
s t r u c t u r e  may b e  i n c o r p o r a t e d  i n t o  r e g i o n  d e s c r i p t i a n s ,  T h e  s e g m e n t a t i o n  
r e s u l t s  a l l o w  t o  c o m p a r e  r e g i o n s  f r o m  d i f f e r e n t  f r a m e s  w i t h o u t  r e l y i n g  
o n  d i s t a r b a b l e  s h a p e  d e s c r i p t i o n  o r  o t h e r  g e o m e t r i c  p r o p e r t i e s ,  By 
c h o o s i n g  d i E f e r e n t  s e g m e n t a t i o n  p a r a m e t e r s  o n e  c a n  e x t r a c t  homogeneous  
r e g i o n s  as w e l l  a s  r e g i o n s  w h i c h  a r e  c h a r a c t e r i z e d  b y  a  s t r o n g  g r a d i e n t  
o r  a s y s t e m a t i c  b e h a v i o u r  o f  t h e  g r a d i e n t  d i r e c t i o n .  

PREPSOCESSING 
Our d l g i t i z a t i o n  a p p a r a t u s  s a m p l e s  t h e  v i d e o  s i g n a l  c o m i n g  f r o m  a  
c o m m e r c i a l  b l a c k & w h i t e  c a m e r a  i n  a  m a t r i x  o f  573 l i n e s  b y  512 c o l u m n s  o f  
8 b x t  b y t e s ,  O v e r l a p p i n g  s u b m a t r i c e s  (5 by 4) a r e  u s e d  f o r  a  
l e a s t - s q u a r e  S i t  o f  a  p l a n e ,  E a c h  p l a n e  r e p r e s e n t s  a r e c t a n g l e  o f  3 by 2 
p i x e l s ,  The  p l a n e  n o r m a l  v e c t o r s  a r e  c o i l e c t e d  i n  a n  a r r a y  c f  1 9 1  l i n e s  
a n d  256 c o l u m n s ,  S i n c e  a  TV-frame r e p r e s e n t s  a n  a s p e c t  r a t i o  o f  3 by  4 
( s t a n d a r d  CCIR n o r m ) ,  e a c h  v e c t o r  r e p r e s e n t s  a  s q u a r e  o f  t h e  p r o j e c t e d  
i m a g e ,  T h e  r e s u l t i n g  v e c t o r s  a r e  c o d e d  by ( f i g ,  1 )  

- G, t h e  mean g r a y v a l u e  ( 8  b i t )  
- I ,  t h e  i n c l i n a t i o n  ( d e g r e e s )  a g a i n s t  t h e  g r a y v a l u e  a x i s  ( 3  b i t ) ,  @ 

f o r  h o r i z o n t a l  p l a n e s  d e s c r i b i n g  c o n s t a n t  i n t e n s i t y  
- D, t h e  a n g l e  ( d e g r e e s )  b e t w e e n  t h e  p r o j e c t i o n  o f  t h e  n o r m a l  v e c t o r  

o n t o  t h e  c o o r d i n a t e  p l a n e  a n d  t h e  s c a n  d i r e c t i o n  ( 5  b i t ) ,  

T h e  da ta  v o l u m e  of  e a c h  i m a g e  i s  r e d u c e d  f r o m  571*512 X 300000 b y t e s  t o  
191"255'2 = lOQOOO b y t e s .  The  C P U - t i ~ e  f o r  t h i s  r e d u c t i o n  is  b e l o w  
lOOsec  on a  DEC-KE10 p r o c e s s o r ,  

F i g ,  2 s h o w s  a c a r  s c e n e  a d d  f x g ,  3 t h e  v e c t o r  i n c l i n a t i o n  
c o m p o n e n t  c o d e d  d a r k ,  F i g .  4 s h o w s  t h e  v e c t o r  r e p r e s e n t a t i o n  o f  a  
s e c t i o n  c o n t a i n i n g  t h e  r i g h t  w h e e l ,  E a c h  v e c t o r  i s  p l o t t e d  a s  a  l i t t l e  
s q u a r e  c o l o u r e d  w i t h  t h e  g r a y v a l u e  G ,  E a c h  s q u a r e  i s  i n t e r s e c t e d  by a 
s t r i p e  t h e  d a r k n e s s  o f  w h i c h  i s  r e l a t e d  t o  t h e  i n c l i n a t i o n  I ( w h i t e = z e r o  
~ n c l ~ n a t i o n j ,  The  s t r i p e  orientation c o r r e s p o n d s  Co t h e  v e c t o r  
d x r e c t i o n ,  r o t a t e d  by 909 s o  t h a t  t h e  s t r i p e s  l i n e  u p  a l o n g  c o n t o u r s ,  
( T h e  v e c t o r s  t h e m s e l v e s  a re  d i r e c t e d  f r o m  d a r k  t o  l x g h t , )  



CONSTRAINT FILTER 
The v e c t o r  f i e l d  i s  t r a n s f o r m e d  i n t o  a  g r a p h  w h e r e  t h e  v e c t o r s  
c o n s t i t u t e  t h e  n o d e s ,  a n d  a rcs  a r e  i n i t i a l i z e d  as  t h e  ( u n d i r e c t e d  
b i n a r y )  a d j a c e n c y  r e l a t i o n ,  

NODES = V = ( U , X , D , I , G )  1 
ARCS = t (Vl,V2) i o < ( P ~ - Y ~ ) ~ + J x ~ - x ~ ) ~ c ~  1 

A s e t  o f  p a r n e t e r i z e d  c o n s t r a i n t s  c o n t r o l s  t h e  r e m o v a l  o f  n o d e s  a n d  a r e s  
f r o m  t h e  g r a p h ,  S i m p l e  c o n s t r a i n t s  may b e  d e f i n e d  by r e s t r i c t i n g  t h e  
r a n g e  f o r  t h e  m a g n i t u d e s  o f  v e c t o r  c o m p o n e n t s .  A f t e r  t h e  f i r s t  f i l t e r  
p a s s  o n l y  t h o s e  v e c t o r s  r e m a i n  i n  t h e  g r a p h  w h o s e  c o m p o n e n t  v a l u e s  a r e  
i n  t h e  a l l o w e d  r a n g e .  

NODES = f V ; TC fC(~)=j 1 ,  f G ( v )  = { I  ~ ~ c C m ~ ~ s ~ ~ ~ ~ ]  
0 o t h e r w i s e  

" C f i G { Y , X 9 D p l r G ]  

The  d i s c r i m i n a t i n g  f u n c t i o n s  f C  may b e  r e p l a c e d  by o t h e r s  d e p e n d i n g  o n  
s i n g l e  c o m p o n e n t s  o r  c o m b i n a t i o n s  t h e r e o f ;  t h e  p r o d u c t  may b e  r e p i a c e d  
by some f u z z y - l o g i c  t h r e s h o l d  o p e r a t i o n .  The  r e m o v a l  o f  n o d e s  i s  
a c c o m p l i s h e d  b y  c u t t i n g  a l l  a r c s  leading t o  o t h e r  n o d e s ,  s i n g u l a r  n o d e s  
a r e  d i s c a r d e d .  The g r a p h  r e s u l t i n g  f rom t h i s  f i r s t  p a s s  i s  c a l l e d  
n o d e - c o n s i s t e n t .  F i g ,  5 s h o w s  a  g r a p h  c o v e r i n g  t h e  same i ~ a g e  s e c t i o n  a s  
f i g .  4 .  The  c o n s t r a i n t s  are Y 6 [ 1 1 5 , 1 6 3 ] ,  X6[65,?281, I6[63,90!. 

The  n e x t  f i l t e r  p a s s  e s t a b l i s h e s  a r c - c o n s i s t e n c y  ( s e e  [ M a c k w o r t h  
77i), H e r e  a rcs  a r e  r emoved  i f  t h e y  c o n n e c t  v e c t o r s  whose  c o m p o n e n t  
v a l u e s  d o  n o t  f u l f i l l  t h e  c o n d i t i o n s  o f  a  p a r a m e t e r i z e d  b i n a r y  r e l a t i o n ,  
The  b i n a r y  r e l a t i o n  r e f l e c t s  c o m p o n e n t  d i f f e r e n c e s :  

DG = / G I - G 2 i 7  i s  t h e  g r a y v a l u e  d i f f e r e n c e ,  

DD = m i n j  ; D l - D 2 j  , 3 6 0 Q - i D 7 - ~ Z /  ) , is  t h e  d i f f e r e n c e  o f  d i r e c t i o n ,  max 780'. 

L e t   arctan tan! i Y 1 - ~ 2 ~ / ~ ~ 1 - X 2 i  1 b e  t h e  a n g l e  o f  t h e  l i n e  
c o n n e c t i n g  t h e  coordinate p o s i t i o n s  o f  two v e c t o r s  a n d  
L i = m i n ( ; I J i - L ' / ,  3 6 0 Q - I D i - ~ ' I ) ,  i = 1 , 2  t h e  d i f f e r e n c e  b e t w e e n  t h a t  
a n g l e  a n d  t h e  d i r e c t i o n  o f  v e c t o r  V i ,  t h e n  is  

Dr4 = m i n i ( l i ,  180C-Li j ,  i = l , 2  t h e  s m a l l e s t  a n g l e  b e t w e e n  t h e  
v e c t o r s  a n d  t h e  l l n e  d e f i n e d  b y  L ' ,  

DS = m i n ( L l ,  1 8 0 ~ - L ~ )  + r n i n j L 2 g  1 8 0 ~ - L ~ )  i s  t h e  sum 
o f  b o t h  a n g l e s .  

U s i n g  a g a i n  a  s i m p l e  d i s c r i m i n a t o r  P u n c t i o n  we g e t  

Some e x a m p i e s  i l l u s t r a t e  t h e  i n f l u e n c e  o f  i n t e r v a l  l i m i t s  f o r  a g r a p h  
c o v e r i n g  t h e  same i m a g e  s e c t i o n  a s  f i g .  5- 



W h e r e a s  t h e  a r c s  i n  f i g ,  6 h a v e  d i r e c t i o n s  f o l l o w i n g  e d g e s  b o r d e r e d  by 
c o n t r a s t i n g  a r e a s ,  p e r p e n d i c u l a r  a r c  d i r e c t i o n s  a r e  shown i n  

R e g i o n s  o f  i r r e g u l a r  v e c t o r  o r i e n t a t i o n  a r e  e x t r a c t e d  by  

The  s e c o n d  p h a s e  e n d s  w i t h  r e g i o n s  c o n s i s t i n g  o f  i s o l a t e d  s u b g r a p h s .  A 
T a s t ,  n o n - r e c u r s i v e  a l g o r i t h m  v i s i t s  e a c h  v e c t o r  o f  t h e  s u b g r a p h  a n d  
e v a l u a t e s  r e g i o n  f e a t u r e s  Prom v e c t o r  c o m p o n e n t  v a l u e s .  T h e  m o s t  
i m p o r t a n t  f e a t u r e s  a r e :  

- A3FA = numbs:- of' v e c t o r s  
- A R C S  = number  o f  a r e s  (ARCS/AREA=arc d e n s i t y )  

- Ex. EY = c o o r d i n a t e  sums ( c e n t e r  o f  m a s s )  

- )-ti, T G ~  = grayva?ue (mean  a n d  v a r i a n c e !  - - 
- 1 7 1 2  = i n c l i n a t i o n  (mean  a n d  v a r i a n c e )  - 
GHIST[0..31] = g r a y v a l u e  h i s t o g r a m  ( c o n d e n s e d  t o  32 i n t e r v a l l s ?  
D H I S T [ 0 . . 3 ? j  = d i r e c t i o n  h i s t o g r a m  ( 1 1 , 2 5 °  r e s o l u t i o n )  

The  t h i r d  f i l t e r  p a s s  u s e s  A R E A  a n d  b o t h  h i s t o g r a m s  t o  m o d i f y  t h e  r e g i o n  
r e s u l t  e s t a b l i s h i n g  s o m e t h i n g  l i k e  g l o b a l  c o n s i s t e n c y .  An A R E A  i n t e r v a l  
i s  g i v e n  s o  t h a t  r e g i o n s  t o o  small o r  t o o  l a r g e  may be  s u p p r e s s e d  ( b y  
d e l e t i n g  a l l  a r c s  i n  t h e  c o r r e s p o n d i n g  s u b g r a p h s ) ,  I n  f i g s .  6 t o  8 
s u b g r e p h s  h a v i n g  l e s s  t h a n  5 ,  1 0 ,  10  n o d e s ,  r e s p e c t i v e l y ,  a r e  a l r e a d y  
s u p p r e s s e d ,  Twc o t h e r  c o n s t r a i n t s  may c o n c e r n  t h e  s h a p e s  o f  t n e  
g r a y v a l u e  a n d  d i r e c t i o n  d i s t r i b u t i o n s ,  I n  t h e  f o l l o w i n g  e x a m p l e s  t h e  
r a t i o  o f  t h e  h i g h e s t  t o  t h e  l o w e s t  (>O) h i s t o g r a m  v a l u e  i s  r e s t r i c t e d .  
A l l  g r a y v a l u e s  o r  d i r e c t i o n  v a l u e s  w h e r e  t h e  h i s t o g r a m  f r e q u e n c i e s  a r e  
b e l o w  t h e  t h r e s h o l d  d e t e r m i n e d  by t h e  h i s t o g r a m  p e a k  a n d  t h e  r a t i o  a r e  
m a r k e d  a s  f o r b i d d e n .  T h e  r e g i o n s  w h e r e  s u c h  f o r b i d d e n  v a l u e s  o c c u r  a r e  
v i s i t e d  a g a i n ,  a n d  a l l  a r c s  b e t w e e n  two v e e t c r s  o n e  o f  w h i c h  h a s  a  
f o r b i d d e n  a n d  t h e  o t h e r  a n  a l l o w e d  c o m p o n e n t  a r e  c u t ,  T h a t  may s e p a r a t e  
t h e  r e g i o n  i n t o  two o r  m o r e  i s o l a t e d  s u b g r a p h s .  T h e  f e a t u r e s  a re  
r e e v a l u a t e d  f o r  e a c h  s u b g r a p h ,  w h i c h  s u b s e q u e n t l y  h a s  t o  u n d e r g o  t h e  
t h i r d  f i l t e r  p a s s ,  t o o ,  In f i g ,  5 t h e  o n l y  r e s t r i c t i o n  was  1 6 [ 6 3 , 9 0 1 ,  
i n  f i g ,  9 t h e  r a t i o  f o r  b o t h  k i s t o g r a m s  is  5 t o  7 a n d  i n  f i g .  10 i t  i s  
2-5 t o  1 ,  

The  CPU-time u s e d  i n  t h e  f i l t e r  p r o c e s s  i n c l u d i n g  e v a l u a t i o n  o f  
r e g i o n  f e a t u r e s  d o e s  n o t  e x c e e d  l m s e c  p e r  v e c t o r ,  y i e l d i n g  a  t o t a l  o f  
l e s s  t h a n  3 s e c  p e r  f r a m e  f o r  t h e  d e m o n s t r a t e d  e x a m p l e s ,  

N O T I O N  
To t e s t  t h e  a p p l i c a b i l i t y  o f  t h i s  s e g m e n t a t i o n  t e c h n i q u e  t o  m o t i o n  
d e s c r i p t i o n ,  t r a f f i c  s c e n e s  w i t h  m o v i n g  c a r s  h a v e  b e e n  r e c o r d e d  a n d  
p r o c e s s e d ,  T h e  f o l l o w i n g  e x a m p l e  d e a l s  w i t h  66 TV- f rames  c o v e r i n g  2 , 6 s e c  
o f  r e a l  t ime ,  W i t h  a p p r o p r i a t e l y  c h o s e n  p a r a m e t e r s  ( n o t  a l t e r e d  w i t h i n  
t h e  s e q u e n c e )  t h e y  a r e  s e g m e n t e d  i n t o  a b o u t  t e n  r e g i o n s  p e r  frame w h i c h  
d e s c r i b e  t h e  m o v i n g  c a r  a n d  p a r t s  o f  t h e  s t a t i o n a r y  b a c k g r o u n d .  T h e  



r e g i o n  5 , s e r i p t i o n s  o f  a l l  frame p a i r s  a d j a c e n t  i n  time a r e  c o m p a r e d  i n  
o r d e r  t o  c o m b i n e  s i m i l a r  r e g i o n s  t o  s e q u e n c e s .  T h e  s i m i l a r i t y  m e a s u r e  i s  
o b t a i n e d  b y  c o m p a r i n g  t h e  r e g i o n  f e a t u r e s  o n e  by o n e ,  a n d  c o m b i n i n g  t h e  
r e s u l t s  - n u m b e r s  b e t w e e n  0 a n d  1 - by  m e a n s  o f  a fuzzy-AND, h e r e  t h e  
minimum,  F i g .  I ?  s h o w s  t h e  b l a c k  c e n t e r - o f - m a s s  t r a c e s  o f  s e q u e n c e s  o f  
s i m i l a r  r e g i o n s .  The  p i c t u r e  i s  c o m p o s e d  o f  t h e  f i r s t  a n d  t h e  l a s t  v i d e o  
f r a m e  s h o w i n g  t h e  e a r  a t  t h e  s t a r t  a n d  t h e  e n d  p o s i t i o n .  S u b s e q u e n t  
p r o c e s s i n g  c o n n e c t s  i n c o m p l e t e  r e g i o n  s e q u e n c e s  b y  m e a s u r i n g  t h e  
s i m i l a r i t y  b e t w e e n  h e a d  a n d  t a i l  w h i c h  may b e  s e v e r a l  f r a m e s  a p a r t ,  T h e  
r e s u l t i n g  c c n n e c t i o n s  a r e  p l o t t e d  a s  w h i t e  l i n e s ,  T h i s  way t h e  g a p  i n  
t h e  c a r - s h a d o w  t r a c e  c a u s e d  by  t h e  o c c l u d i n g  t r e e - t o p  i s  b r i d g e d .  

C3NCCUSION 
A t h r e e  L e v e l  c o n s t r a i n t  f i l t e r  h a s  b e e n  p r o p o s e d  w h i c h  m o d i f i e s  a  g r a p h  
a s s o c i a t e d  w i t h  a  v e c t o r  f i e l d  t r a n s f o r m a t i o n  o f  a n  i m a g e .  I t  u s e s  3 
~ a r a a e t e r  p a i r s  a t  l e v e l  7 ,  4 a t  l e v e l  2 ,  a n d  3 a t  l e v e l  3 ,  A l l  
p a r a m e t e r s  h a v e  a n  i n t u i t i v e l y  u n d e r s t a n d a b l e  m e a n i n g  w h i c h  i s  
a d v a n t a g e o : i s  f o r  t h e i r  a d j u s t m e n t ,  V a r i o u s  e x a m p l e s  h a v e  b e e n  p r e s e n t e d  
t o  d e ~ o n s t r a t e  t h e  i n f l u e n c e  o f  p a r a m e t e r  s e t t i n g s ,  

The  u s e f u l n e s s  o f  d i r e c t i o n  i n f o r m a t i o n  is  shown i c  t h e  l a s t  
e x a m p l e  ( f i g ,  ? 2 ) ,  T h e r e  two r e g i o n s  a r e  e x t r a c t e d  i n  a s u b s e c t i o n  o f  
2 h e  i m a g e  c o n t a i n i n g  ? h e  c a r  a n d  i t s  s h a d o w ,  T h e  s e g m e n t a t i o n  p a r a m e t e r s  
h a v e  b e e n  c h o s e n  t o  f i l t e r  r e g i o n s  o f  c o l l i n e n r  v e c t o r s  w i t h  s t r o n g  
i n c l i n a t i o n .  Due t o  t t e  g r a y v a l u e  s l o p e  w h i c h  i n c r e a s e s  t o w a r d s  t h e  
b o t t o m  o f  t h e  c a r  a n d  d e c r e a s e s  t o w a r d s  t h e  o u t e r  s h a d o w  w h e r e  i t  m e r g e s  
i n t o  t h e  s t r e e t ,  e a r  s i d e  a n d  s h a d o w  a r e  p e r f e c t l y  s e p a r a t e d .  T h e  w h e e l s  
a r e  n o t  i n c l u d e d  i n  e i t h e r  r e g i o n .  T h e  s e p a r a t i o n  s u c c e e d s  i n  a l l  6 6  
f r a m e s  of t h e  m o v i n g - c a r  e x a m p l e ,  T h e  s e g m e n t a t i o n  i s  r e l i a b l e  e n o u g h  t o  
e n a b l e  f o r m i n g  o S  r e g i o n  s e q u e n c e s  i n  a  s i m p l e  way ,  e v e n  a l l o w i n g  t o  
b r i d g e  g a p s  i n  s i a a  when a n  o b j e c t  ( - p a r t )  i s  n o t  v i s i b l e  d u e  t o  
o c c l u s i o n ,  
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FIG, 1 PLANE-VECTOR C O D I N G  
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PREDICTIONS AND PROCEDURES IN SEMAESTIGALLY-RASED GRAMMAR - 

Graeme D R i t c h i e  

Department o f  Computer S t u d i e s ,  Nap ie r  C o l l e g e  o f  Commerce and Technology,  

Ed inburgh ,  S c o t l a n d  

PBS TRACT 
P 

I t  h a s  been  s u g g e s t e d  t h a t  grammars f o r  a n a l y s i n g  E n g l i s h  s e n t e n c e s  
s h o u l d  b e  based  o n  s e m a n t i c  c o n s t r u c t s .  W e  examine what t h i s  might 
mean, f o c u s s i n g  a n  t h e  q u e s t i o n s  of s e m a n t i c  p r e d i c t i o n s  and of 
p r o c e s s i n g  p r o c e d u r e s .  There  seems t o  b e  no g e n e r a l  way o f  o r g a n i s i n g  
p r o c e s s i n g  u n i t s  arolrnd s e m a n t i c  c a t e g o r i e s ,  o r  of r e l a t i n g  s e m a n t i c  
p r e d i c t i o n s  t o  s p e c i f i c  p r o c e s s i n g  u n i t s .  W e  conc lude  t h a t  p r o c e s s i n g  
r u l e s  canno t  b e  e x p r e s s e d  i n  t e r m s  o f  r e f e r e n t i a l  s e m a n t i c s ,  and t h a t  
top-down p r e d i c t i o n s  can  do l i t t l e  t o  d r i v e  t h e  a c t u a l  p r o c e s s i n g  of 
words .  

DES CRIPTIlE TERNS 

Computa t ional  l i n g u i s t i c s ,  s y n t a x  and s e m a n t i c s ,  g rammat ica l  c a t e g o r i e s ,  
s e n t e n c e  p r o c e s s i n g  . 

1 P r e l i m i n a r i e s  

Most o f  t h e  work done i n  n a t u r a l - l a n g u a g e  p r o c e s s i n g  i n  t h e  1960s was 
based  on t h e  i d e a  o f  a whol ly  s y n t a c t i c  grammar, w i t h  l i t t l e  a t t e n t i o n  
b e i n g  p a i d  t o  s e m a n t i c  t h e o r i e s  o f  l a n g u a g e ,  T h i s  r e f l e c t e d  a  s i m i l a r  
t r e n d  w i t h i r  t r a n s f o r m a t i o n a l  l i n g u i s t i c s  d u r l n g  t h e  f i r s t  h a l f  o f  t h e  
d e c a d e ,  I n  t h e  1970s b a t h  l i n g u i s t i c s  and a r t i f i c i a l  i n t e l l i g e n c e  have  
c o n c e n t r a t e d  t o  a  much g r e a t e r  e x t e n t  on t h e o r i e s  o f  meaning,  and 
t r a d i t i o n a l  s y n t a x  h a s  Seen f o r c e d  i n t o  a  s e c o n d a r y  p o s i t i o n .  I n  t h i s  
p a p e r ,  I wish  t o  s u g g e s t  t h a t  t h e r e  h a s  been  a n  e x c e s s i v e  o v e r - r e a c t i o n  

I ' ? i s  a r e a ,  and t h a t  c e r t a i n  c u r r e n t l y  f a s h i o n a b l e  n o t i o n s  of  

' s e m a n t i c a l l y - b a s e d  grammar" a r e  n o t  workab le  i n  t h e  l o n g  t e r m .  T h i s  i s  
n o t  a n  arqument I n  f a v o u r  o f  t r a d i t i o n a l  s y n t a x ,  b u t  r a t h e r  a n  a t t e m p t  
t o  prevent an  i n a d e q u a t e  s y s t e m  (autonomous s y n t a x )  b e i n g  r e p l a c e d  w i t h  
an  e q u a l l y  u n r e a l i s t i c  ex t reme  i a u t o c r a t j  c s e m a n t i c s )  . 
A few warn ings  a r e  i n  o r d e r  conce rn ing  t h e  arguments I s h a l l  p r e s e n t  
h e r e ,  I may sometimes a s s e r t  t h a t  a p a r t i c u l a r  ar rangement  " i s  n o t  
p o s s i b l e ' h i t h i n  some sys tem,  o r  t h a t  c e r t a i n  d e v i c e s  "canno t"  c a r r y  
o u t  some t a s k .  These  a s s e r t i o n s  a r e  s u b j e c t  t o  c e r t a i n  h a s i c  
a s sumpt ions  concern ing  t h e o r i e s  o f  l a n g u a g e ,  a s  f o l l o w s .  Every  
c o m p u t a t i o n a l  model has  a  l e v e l  a t  which it can  p r o p e r l y  b e  r e g a r d e d  a s  
a t h e o r e t i c a l  p r o p o s a l ,  a s  d i s t i n c t  from a  s e t  o f  ( l a r g e l y  i r r e l e v a n t )  
d e t a i l s  o f  t h e  p a r t i c u l a r  i m p l e m e n t a t i o n ,  Al so ,  t h e r e  i s  some common, 
b u t  i n f o r n a 1 , s " i n d a r d  o f  "e legance"  o r  ' k l e a n l i n e s s "  to which we shou ld  
a d h e r e  when a s s e s s i n g  t h e  p o t e n t i a l  o f  any mechanism, Hence, when I 
s a y  t h a t  mechanism X "canno t"  pe r fo rm some t a s k ,  I t a c i t l y  assume t h a t  
w e  a r e  c o n s i d e r i n g  t h e  a p p r o p r i a t e  l e v e l  of t h e o r e t i c a l  d e s c r i p t i o n  f o r  
mechanism X, and t h a t  w e  a r e  r u l i n g  ol~!: d e v i o u s  ad hoc  manoeuvres ,  
These  p r o v i s i o n s  a r e  e s s e n t i a l  a t  p r e s e n t ,  s i n c e  most c o m p u t a t i o n a l  



models a r e  based on p a r t i c u l a r  programs (and hence t h e r e  may be 
confusion between hypothes is  and implementation) , and most of 
t hese  models can al low a r b i t r a r y  computations (w. less  we r u l e  
o u t  those  which a r e  "clumsy"') ,  

The arguments presented  here  may seem t r i t e ,  b u t  they  a r e  n o t  
d i r e c t e d  a t  s t raw men, In  o r d e r  t o  p a r t i c u l a r i s e  t he  i s s u e s ,  I 

s h a l l ,  i n  Sec t ion  I T I ,  i l l u s t r a t e  my p o i n t s  using proposa ls  which 
have a c t u a l l y  been made wi th in  A1 c i r c l e s  i n  r ecen t  yea r s .  The 
c e n t r a l  i s s u e s  involve the  use of semantic c o n s t r u c t s  i n  spec i fy ing  
a  sentence a n a l y s e r ,  and the  ques t ion  of how t o  use h igh - l eve l ,  
semantic ( o r  'konceptuaL") information t o  a i d  t h e  ana lyse r  i n  i t s  
t a sk  of process ing  the  xords o r  a  sen tence ,  I hope t o  persuade t h e  
reader  t h a t ,  while A1 models have tended t o  suggest  t h a t  t hese  
ques t ions  a r e  easy t o  s o l v e ,  t he  problems a r e  very d i f f i c u l t ,  o r  
even impossible ,  This  i s  no t  t o  suggest  t h a t  semantic information 
cannot ,  o r  should no t ,  be used p r o f i t a b l y  during sentence a n a l y s i s ;  
semantic i n t e r p r e t a t i o n  and in fe rence  should be deployed wherever 
t h i s  can a i d  the  process ing ,  The two ques t ions  considered here  a r e :  
what l r n g u i s t i c  c a t e g o r i e s  a r e  app ropr i a t e  f o r  spec i fy ing  a  gramnar 
f o r  sen tence-ana lys is ,  and how can semantic p r e d i c t i o n s  a s s i s t  i n  
the  task  of  a c t o a l l y  process ing  words? 

II : Cateao r i e s  and Levels 

The var ious  c l a s s e s  and l e v e l s  of c l a s s i f i c a t i o n  used i n  a l i n g u i s t i c  
model a r e  n o t  merely no ta t iona l  conveniences - they  d e f i n e  the skeleton 
of the  model, a.nd i n d i c a t e  what g e n e r a l i s a t i o n s  a r e  being made 
concerning otherwise un re l a t ed  i tems ,  I t  i s  important  i n  developing a  
genera l  theory of language process ing  t o  ensure t h a t  t h e  s t r u c t u r e  of  
t h e  model i s  c l e a r ,  and t h a t  some s p e c i f i c a t i o n  i s  given of how t h e  
c a t e g o r i e s  a r e  t o  r e l a t e  t o  each o t h e r ,  

We can d i s t i n g u i s h  ( a t  l e a s t )  four  d i f f e r e n t  kinds of l i n g u i s t i c  
information which may be used wi th in  a  sentence-analyser ,  a s  fo l lows:  

(A) Concrete Syntax: This  desc r ibes  t he  sur face  s y n t a c t i c  
con f igu ra t ion ,  i n  terms of  sequences o f  concatenated words o r  
ph rases ,  t h a t  forms an rtem. T rad r t lona i  ph rase - s t ruc tu re  r ~ l e s  
1 (1' i i \  ?nd ( i r )  d e s c r l l c  the conc & ,  ,-ntax of  t h e r r  
le f t -hand  s rdes .  
(1) (i) <:sentence> : := -*OW phrase> " .'verb phrase> 

( i j  ) <,%oun phrase> . : .- "de termi ne r> t i ~ ~ m O n  n 0 ~ >  

(B) Referent ial .  Semantics:  This  desc r ibes  what s o r t  of t h i n g  the  
phrase r e f e r s  t o ,  and i s  no t  normally app l i cab le  t o  a l l  k inds  of  
phrase (un le s s  some gene ra l i s ed  form of  "extension" i s  def ined ,  
a s  i n  Montague (1970'1). I n  t h i s  c l a s s i f i c a t i o n ,  c a t e g o r i e s  l i k e  
"MTmWW, " H i l ' W "  , e f c , ,  are appropriate . .  For example, ( 2 )  (i) 
and (ii) might both be c l a s s i f i e d  a s  r e f e r r i n g  t o  ANIi?lATE t h i n g s ,  
and (3) ( i)  and (ii) as  r e f e r r i n q  t o  '"physical o b j e c t s " .  

(23 (i! The c a l l  man who w e  met l a s t  n i g h t .  
(ii) Your hamster.  

( 3 )  i i )  The t h inq  you broke. 
i i i j  H i s  p e n c i l .  



(C) Abst rac t  Syntax: This  k ind  of d e s c r i p t i o n  i s  on t h e  boundary 
of syntax  and semantics ,  s ince  it c l a s s i f i e s  t he  c o n s t i t u e n t s  of 
l i n g u i s t i c  i t ems ,  and the  way t h a t  they  f i t  t oge the r  i n t o  a  
semantic s t r u c t u r e ,  The " templa tes"  of  Wilks (1973, 1975) and 
t h e  "cases" of  Fi l lmore (1968) make s ta tements  a t  t h i s  l e v e l ,  by 
de f in ing  how semantic i t ems  may combine t o  form l a r g e r  semantic 
units. 

Notice t h a t  t h i s  l e v e l  g ives  r i s e  t o  two ways of desc r ib ing  any 
l i n g u i s t i c  i tem i n  i t s  con tex t ,  We can c a t e g o r i s e  t h e  i n t e r n a l  
s t r u c t u r e  of t he  i tem; f o r  example, a  "propos i t ion"  might be 
descr ibed  a s  being formed by a  "p red ica t e "  being app l i ed  t o  a 
" term",  Alternatively, we can d i scuss  the  e x t e r n a l  s t r u c t u r e  
surroilnding the  i tem; f o r  example, t he  underl ined phrase i n  ( 4 )  
might be c l a s sed  a s  a c i i r q  a s  a  " sub jec t "  t o  t he  r e s t  of t he  
sentence.  

(4) The dog l e a p t  i n t o  the  s t r e e t .  

(Dl Type of Semantic S t r u c t u r e :  This  desc r ibes  t h e  sernasitic 
p r o p e r t i e s  of the  meaning i t s e l f  ( a s  opposed t o  what i t  r e f e r s  
t o )  , t hus  de f i r l i r~g  how it can be processed semant ica l ly .  For 
example, t h e  semantic s t r u c t u r e s  f o r  the  phrases  i n  (2) above 
could be c l a s sed  a s  "terms" o r  " d e f i n i t e  r e f e r r i n g  express ions" .  
'I'o s t a t e  t h a t  an i tem was a  " r e l a t i o n " ,  o r  a  "predicate ' l  iwoald 
be a  c l a s s i f i c a t i o n  of t h i s  k ind ,  

There a r e  two l e v e l s ,  w i th in  a p o s s i b l e  model of sentence process ing ,  
t h a t  a r e  p a r t i c u k a r l y  r e l e v a n t  he re ,  s ince  they a r e  d i r e c t l y  involved 
i n  t he  o rgan i sa t ion  of t he  grammar. These a r e  t he  le- el a t  which an 
ana lyse r  can,  on semantic/conceptual grounds, p r e d r c t  t h a t  some k ~ n d  
of i tem i s  imn~inent i n  t he  i n p u t ,  and the  l e v e l  a t  whlch p a r t i c u l a r  
analysing procedures  process  t he  a c t u a l  words i n  the  i n p u t .  Although 
these  two l e v e l s  a r e  l o q i c a l l y  d i s t i n c t ,  few computational models 
allow f o r  t h i s  d i s t i n c t i o n  e x p l i c i t l y ,  and most r e sea rche r s  seem t o  
assume ( t a c i t l y ,  perhaps unconsciously) t h a t  both func t ions  (high- 
l e v e l  p r e d i c t i o n s  and low-level procedures)  can be handled a t  a  s i n g l e  
l e v e l ,  This  w i l l  be i l l u s t r a t e d ,  i n  Sec t ion  I11 below, by cons ider ing  
a few of t h e  p o s s i b i l i t i e s  embodie6 i n  r e c e n t  proposa ls .  

111 : P r e d i c t i o n s  a d  Procedures 

L e t  US cons ider  whether any s i n g l e  one of the  c l a s s i f i c a t o r y  Levels 
g iven ,  i n  Sec t ion  I1 above, i s  adequate f o r  desc r ib ing  both semantic 
p r e d i c t i o n s  and process ing  procedures ,  To avoid t h e  impression o f  
a t t a c k i n g  imaginary opponents,  T w i l l ,  wherever p o s s i b l e ,  c i t e  ac tua l  
proposa ls  of models which seem t o  involve the  hypotheses under 
cons ide ra t ion .  

(A )  Concrete Syntax 

This  i s  the  l e v e l  a t  which process ing  procedures  must ope ra t e  - a c t u a l l y  
examining inpu t  words i n  o r d e r ,  and s o r t i n g  them i n t o  c o n s t i t u e n t s  i n  
some way, I t  i s  r a r e  f o r  an Engl i sh  gram,ar t o  generate  a  p r e d i c t i o n  o f  
a p a r t i c u l a r  k i n d  of i tem and of t he  words t h a t  i t  w i l l  inc lude .  
T r a d i t i o n a l  ana lyses  descr ibed  most phenomena a t  t he  level.  of concrete  



syntax,  ~ n d  t h i s  was c a r r i e d  aver t o  A1 models i n  var ious  ways, 
i nc lud ing  t h e  " a u p e n t e d  t r a n s i t i o n  network" (ATN) grammars ( e  , g .  
Woods e t  al.. (1969) , Bobrow and F rase r  (1369) , Kaplan 61971) ) . AT% 

grammars tended t o  inc lude  networks l i k e  f i g u r e  1, 

Fig.. 1 

An a r c  l i k e  (PUSH NP) simultaneously expresses  a  p r e d i c t i o n  ( t h a t  a 
p a r t i c u l a r  kind of phrase w i l l  be found i n  t he  inpu t )  and s p e c i f i e s  
a procedure ( t h e  "NP" network) which i s  t o  be used t o  process  t h a t  
phrase ( s ee  Ri tch ie  (1978) f o r  a  f u l l e r  d i s c u s s i o n ) .  This  s t y l e  of 
grammar survived f o r  some t ime,  p a r t l y  because so  many d i s p a r a t e  
i tems were forced  i n t o  these  e s t a b l i s h e d  c a t e g o r i e s .  A "noun phrase" 
may be a  category a t  t he  l e v e l  of concre te  syntax ,  b u t  it i s  not  a  
very i l l umina t ing  one. A noun phrase can take  a v a r i e t y  of forms, a s  
i l l u s t r a t e d  i n  1 5 ) .  

(5) (i) John l e f t .  
(ii) Eat ing  wornbats i s  wrong, 
(iii) To e a t  wombats i s  wrong, 
( i v )  More than  t e n  of h i s  many an t ique  ho t  water  b o t t l e s  -. 

were s t o l e n ,  
(v )  That he spoke t o  you i s  s u r p r i s i n g .  
( v i )  What you want t c  do i s  d i f f i c u l t .  

This  means tha-ii, a l though " P U S H  >;: " g ives  t he  sentence-analyser  a 
s t a r t i n g  p a i n t  from which t o  pi-C~.i>:ss the  c o n s t i t u e n t ,  t h i s  s t a r t i n g  
p o i n t  i s  raprely a  l a b e l  f o r  a  d i s j o i n t  c o l l e c t i o n  of  q u i t e  va r i ed  
op t ions .  Aa 1 have argued elsewhere (R i t ch i e  (1977, Chapter III), a  
grannar which simply i t emises  aLi t he  a p t i o n s  f o r  t he  purposes of 
exhaus t ive  search  i s  t h e o r e t i c a l l y  m d e s i r a b l e .  (Compare t h e  
comqents by Lakoff (1971) on t h e  u n i n t e r e s t i n g  na tu re  of a  d i s j u n c t i o n  
in t he  s tatement  of a  grammatical r u l e ) . .  We can cont inue t o  organise  
our  process ing  u n i t s  round such heterogeneous concre te  s y n t a c t i c  
c a t e g o r i e s  as " F S P " ,  bu t  i n  t h e  Long term something n e a t e r  i s  needed. 

( B )  R e f e r e n t i a l  Semantics 

This  Level. seems t o  be the  c l o s e s t  approximation t o  t h e  "conceptual"  
d e s c r i p t i o n s  of Schank (1972) , Riesbeck (1973, 1974, 1975) . Riesbeck 
regards "conceptual"  information ( a s  opposed t o  " s y n t a c t i c "  information)  
a s  t he  main substance of a  sentence ana lyse r ,  and he seems t o  suggest  
t h a t  most of t h e  problems of language understanding can be overcome by 
appropr i a t e  use of " con tex t " .  While it may he t enab le  t h a t  conceptual  
information i s  use fu l  ( b u t  no t  n e c e s s a r i l y  s u f f i c i e n t )  i n  r e so lv ing  
c e r t a i n  p o t e n t i a l l y  ambiguous cons t ruc t ions ,  it i s  d e f i n i t e l y  no t  t r u e  
t h a t  conceptual  information (whether con tex tua l  o r  wi th in  the  sentence: 
i s  s u f f i c i e n t  t o  guide t h e  ana lyser  through a c t u a l  Engl i sh  words* 



Let us  t ake  a  s imple,  o r  even t r i v i a l ,  example. The '"context", t o  
t a l k  i n  t e r n s  o f  Riesbeck (19731, i s  t h a t  of being i n  a b a r ,  d r inking ,  
The i n p u t  u t t e r ance  s t a r t s  as i n  1 6 ) -  

This  u t t e r a n c e  n i g h t  cont inue  i n  any one of  s e v e r a l  ways, f o r  example 
those i n  ( 7 ) .  The ana lyser  would have t o  p roces s  v a s t l y  d i f f e r e n t  
sequences of  words i n  t h e s e  c a s e s ,  and the  "context"  does n o t  he lp  
it much i n  t h i s  t a s k .  

( 7 )  (i) . , .thi.s pub. 
(ii) . . .peanuts ,  
(iii) . . . McEwans Extort, 
( i v )  , . , t h a t  g i r l  we met l a s t  n i g h t .  

Even i f  t h e  "context"  were much narrower,  s a y ,  t he  consumption of  
peanuts ,  t h e  ana lyse r  would be given l i t t l e  h e l p  i n  working i t s  way 
through t h e  su r f ace  s t r i n g s  i n  (S), even though some of them have 
very s i m i l a r  meanings. 

( 8 )  (i) , , . e a t i n g  peanuts .  
i i i )  . . . t o  e a t  peanuts .  
i i i i )  . . . t he se  peanuts .  
( i v )  . . . c r i s p s  a s  we l l  a s  peanuts  

Conceptiial p r e d i c t i o n s  may be qenerated a t  t h e  Level of r e f e r e n t i a l  
semantics ,  b u t  t h e  a c t u a l  words used a r e  a mat te r  of  concre te  syntax.  
Engl i sh  has no obvious p a t t e r n s  r e l a t i n g  r e f e r e n t i a l  semantic c l a s s e s  
t o  concre te  s y n t a c t i c  c a t e g o r i e s ;  t h e r e  a r e  n o t ,  f o r  example, d i f f e r e n t  
s y n t a c t i c  cons t ruc t ions  corresponding t o  "mIPIATE" and "XNANIYATE" 

i tems.  Riesbeck does no t  sugges t  how t h i s  gap may be br idged ,  

Woods e t  a l e  (1976) do make c e r t a i n  sugges t ions  which seem t o  be 
based on t h e  use o f  r e f e r e n t i a l  semantic c a t e g o r i e s  f o r  organis inq  t h e  
ana lyse r ,  They g ive  examples of ATN grammars l i k e  Figure 2, where 
old-fashioned s y n t a c t i c  c a t e g o r i e s  ( e - g .  NP) have been replaced by 
r e f e r e n t i a l  semantic ca t egor i e s .  

Fig. 2 

There a r e  two main d i f f i c u l t i e s  wi th  t h i s  approach. The c a t e g o r i e s  are 
c a r e f u l l y  chosen f o r  t he  s u b j e c t  mat te r  of t he  Engl i sh  t o  be analysed,  
and hence a r e  n o t  gene ra l ly  app l i cab le  ( a s  Woods e t  a l e  admi t ) .  I f  we 
wlsh t o  adopt  grabmars of t h i s  s t y l e  f o r  a l l  of Engl i sh ,  t h e r e  would be 
a s  many d i f f e r e n t  ana lys ing  grammars a s  chere were domains of d i scour se ,  



Also c a t e q a r i e s  l i k e  " m E T I N G W  o r  'TTRIP'"o n o t ,  as observed above, 
correspond t o  p a r t i c u l a r  concre te  s y n t a c t i c  p a t t e r n s ,  and so  cannot 
index p r e c i s e  procedures  f o r  ana lys ing  t h e  inpu t ,  

Despi te  t h e s e  a t t empt s  by Woods e t  a l .  t o  fo rce  r e f e r e n t i a l  semantics  
i n t o  use f o r  both p r e d i c t i o n s  and procedures ,  t h e  technique appears  t o  
be ad hoc, 

(C) Abs t rac t  Syntax 

I, I n t e r n a l ,  

There seem t o  be few, i f  any, examples i n  Engl i sh  where t h e r e  i s  a 
p r e d i c t i o n  of a p a r t i c u l a r  i n t e r n a l  semantic s t r u c t u r i n g  (no t i ce  t h e  
c o n t r a s t  with (C) 2 -  be lo^^), I t  i s  r a r e  f o r  grammatical p r e d i c t i o n s  t o  
cons t r a in  the  way t h a t  t h e  incoming i tem i s  t o  be i n t e r n a l l y  composed, 
even i f  they  cons t r a in  t h e  r e s u l t i n g  meaning. The only suggest ion t o  
t h i s  e f f e c t  seems t o  have come from WiLka 11976), who proposed adopting 
the  ATM formalism t o  s t a t e  preference  semantic grammars. That i s ,  t h e  
'"PUSH" c o n s t r u c t  (which expresses  a p r e d i c t i o n  and a procedure)  would 
spec i fy  a "template" i n s t e a d  of  a s y n t a c t i c  o r  semantic ca tegory ,  Wilks 
gave no e x m p l e s  where t h i s  would be appropr i a t e ,  so  it remains t o  be 
seen whether English has cons t ruc t ions  which a r e  amenable t o  t h i s  approach. 

2, Exte rna l  

This  i s  e x a c t l y  t he  kind of information t h a t  genera tes  p r e d i c t i o n s  
wi th in  sentence a n a l y s i s .  The s e n t e n c e - i n i t i a l  p r e d i c t i o n  o f t e n  
expressed i n  A m  grammars a s  "PUSH NP" i s  c rea t ed  by t h e  need f o r  a 
s u b j e c t  i n  a c l ause ,  and t h e  "'PUSH VP" t h a t  fol lows i s  t o  provide a 
complement ( o r  p red ica t e )  which can combine wi th  t h e  s u b j e c t  t o  f o m ~  a 
c l ause .  S i m i l a r l y ,  the  p r e d i c t i o n  generated by a " t r a n s i t i v e "  main 
verb i s  der ived  from the  f a c t  t h a t  an o b j e c t  i s  needed t o  combine with 
t h e  verb t o  fami a p r e d i c a t e .  Never the less ,  knowing the  r o l e  t h a t  a 
p r e d i c t e d  i tem i s  t o  p l a y  (wi th  r e s p e c t  t o  t h e  surrounding s t ruc ture9  
r a r e l y  c o n s t r a i n s  t he  forrn t h a t  it w i l l  t ake  (except  i n  t e r n s  of 
i t s  o v e r a l l  semantic p r o p e r t i e s  - see  (B) be low) ,  We could in t roduce  
process ing  c o n s t r u c t s  l i k e  "FIND-SUBJECT" ( o r  " P U S H  SUBJECT" ,  i n  
ATN n o t a t i o n ) ,  b u t  t hese  would n o t  spec i fy  process ing  procedures ,  s ince  
"SUBJECT" desc r ibes  a way of  us ing  an i t em,  n o t  a k ind  of  i t e m  o r  a way 
of  process ing  one (wi th  c e r t a i n  p rov i sos ,  as i n  ( D l ,  below) - 
( D l  Type of Semantic S t r u c t u r e  

The p r e d i c t i o n s  dur ing  sentence a n a l y s i s  (generated a t  l e v e l  ( ~ ) 2 . )  might 
we l l  be exp res s ib l e  i n  terms of  t h e  semantic type involved,  Ce r t a in  
a b s t r a c t  s y n t a c t i c  reqirirements ( e - g .  f o r  t he  s u b j e c t  i n  a p ropos i t i on )  
may need a p a r t i c u l a r  k ind  of semantic s t r u c t u r e  ( e + y ,  a " te rm") ,  Fox 
example, English c l ause  r i g h t  be descr ibable  a s  a "'term" followed by 
a "p red ica t e " ,  r a t h e r  than a s  a "noun p h r a s e r V o l l o w e d  by a "verb p h r a s e n *  

The n e a r e s t  proposal  t o  t h i s  t h a t  I know of  came from Johnson-laird 
(1975),  who suggested t h a t  process ing  procedures  could be organised s o  
t h a t  t h e r e  i s  a "REEmNT" rou t ine  which i s  invoked whenever a " r e fe ren t ' "  
i s  expected i n  t h e  i n p u t ,  A s  s t a t e d ,  t h i s  seems t o  be l i a b l e  t o  t h e  
same c r i t i c i s m  a s  i n  (B)  above - English bas no p a r t i c u l a r  cons t ruc t ion  
corresponding t o  " r e f e r e n t "  (except  perhaps t h e  heterogeneous, i f  



s lyntac t ica l ly  p r e c i s e ,  "NP" '1 ,  and SO t h i s  l&el could n o t  s p e c i f y  any 
p a r t i c u l a r  process ing  p r o ~ e d u r e ,  I t  i s  even dubious whether 
p r e d i c t i o n s  of  r e f e r e n t s  occur  i n  Engl i sh ;  some more gene ra l  
cLassr  such a s  "terms" o r  " e q r e s s i o n s "  i s  needed, 

(lt should be noted t h a t  t hese  p r e d i c t i o n s  can,  i n  any p a r t i c u l a r  
i n s t ance ,  be r e f i n e d  f u r t h e r  u s ing  r e f e r e n t i a l  semisfatic c l a s s e s  
( l e v e l  (B)  i n f o m a t i o n ) .  This  i s  merely t h e  o l d  observa t ion  t h a t ,  
f o r  example, c e r t a i n  verb-meanings o f t e n  r equ i r e  c e r t a i n  semantic 
types  of  s u b j e c t ,  a b j e c t  and indLxect o b j e c t  ( c f ,  Katz and Fador 
(1.963) , P.feCawle1~ (19681 . For e x a q l e ,  (9) (i) r e q u i r e s  a BUFlAN 
o b j e c t ,  and (9) (ii) a L I Q U I D  ( o r  CFLCfn? STUFF) ? I  o b j e c t ,  

(9) t i )  We marr ied , ,  , 
(ii) John poured, , , 

However, we cannot wr i t e  p a r t i ~ u l a r  r e f e r e n t i a l  c l a s s e s  r n t o  our  qrammar, 
un less  we a r e  fol lowing Woods e t  al, i n  making a grammar t h a t  i s  
s p e c i f i c  t o  one range of s u b j e c t  m a t t e r ) ,  

TV r Rela t ionships  between l e v e l s  ? 
7 

The p s i . t i a n  sketched i n  Sec t ion  T I T  above i s  roughly a s  fo l lows ,  ?my 
high-level  p r e d i c t i o n s  concerning c o n s t i t u e n t s  w i th in  sentence a n a l y s i s  
a r e  generated by requirements a t  l e v e l  (C) ( a b s t r a c t  syntax)  , and may 
be e x p r e s s i b l e  i n  terms of c e r t a i n  c l a s s e s  a t  l e v e l  (D), semantic types  
(pl.us, i n  some cases ,  c e r t a i n  information from l e v e l  (B) , r e f e r e n t i a l  
semant ics ) .  The ques t ion  of process ing  procedures  i s  l e s s  c l e a r ,  Actual 
word s t r i n g s  do n o t  always f a l l  i n t o  n e a t  c l a s s e s ,  a l l  capable of  being 
processed by a s i n g l e  procedure Th i s  d i f f i c u l t y  has been covered up, 
t o  a l a r g e  e x t e n t ,  by t he  adoption of t r a d i t i o n a l  s y n t a c t i c  ca t egor i e s  
such a s  "bTf'" which have served both a s  a  ( r a t h e r  h q h a z a r d )  i n t e r f a c e  
w i t h  semant.i.c nc t ions  l i k e  " t e r n "  o r  " r e f e r e n t ' b a d  a s  a name fox a 
I.isir. of s epa ra t e  types  o f  su r f ace  s t r i n g s  t h a t  may express these  
semantic c a t e g o r i e s .  The whale not ion  of "noun phrase" i s  r a t h e r  hard 
t o  d e f i n e ,  owing t o  i t s  mul t ip l e  r o l e s  i n  g ramla t i ca l  theory  ! c f ,  P i t c h i e  
(1977, Sec t ion  II1,lI) + 

A t  t h i s  p ,nint  i n  an argument, it i s  normal f o r  a  w r i t e r  t o  wheel on t o  
the s t a g e  h i s  own sh in ing  new invent ion  which renders  a l l  p rev ious  
con t r ap t ions  obso le t e .  Unfortunately,  1 cannot f u l f i l  t h i s  dramatic  
requirement.  Although 1 do have a model (R i t ch i e  (1977) 1 which makes 
m o s - k  of t he  necessary category d i s t i n c t i o n s  ind ica t ed  above, it does n o t  
throw l i g h t  on how t o  organise  a  grammar around semantic c a t e g o r i e s ,  o r  
hov~ semantic p r e d i c t i o n s  may in f luexce  processing procedures .  I have 
come t o  the  conclusion t h a t  t h i s  i s ,  q u i t e  simply, because t h e r e  i s  no 
such i n f l u e n c e ,  Ce r t a in  s y n t a c t i c  sequences may c r e a t e  s p e c i f i c  
s y n t a c t i c  p r e d i c t i o n s  ( f o r  example, t h e  occurrence of t h e  word " the"  
c o n s t r a i n s  what may f o l l o w ) ,  and some h igher  l e v e l  z h s t r a c t  s y n t a c t i c  
cons t ruc t ions  (and perhaps r e f e r e n t i a l  semantic cons t r a in t s1  may produce 
extremely genera l  i n d i c a t i o n s  o f  what i s  t o  come (e,g. "a phrase  o r  
c l ause  r e f e r r i n g  t o  animate beings'") b u t  t h e  v a r i e t y  of Engl i sh  grammar 
ensures  t h a t  t h e  l a t t e r  cannot be t r a n s l a t e d  r e l i a b l y  i n t o  t h e  former,  



Thi s  is n o t  t o  say  t h a t  levels jBj  , i T ) )  and ( E j  canriot be used dur ing  
sentence process ing  t o  a i d  t h e  a n a l y s i s  pmcedures ;  f o r  example, once 
a  c o n s t i t u e n t  has  been ana lysed ,  i t s  s u i t a r l i t y  fo r  f i t t i n g  i n t o  t h e  
wider l i n g u i s t i c  contex t  can be checked us ing  t h e  semantic l e v e l s  of 
in format ion ,  b u t  it should be noted t h a t  a l a r g e  amount of process ing  
rnay have t o  be done on t h e  c o n s t i t u e n t  before  i t  is  i n  a  s u i t a b l e  form 
f a r  i t s  h ighe r  l e v e l  a t t r i b u t e s  t o  be assessed  (pa r - t i ca l a r ly  i n  t h e  case  
of r e f e r e n t i a l  semantics  - see  R i t ch i e  ( 1 9 7 6 ) ) "  However, t h e r e  seems 
t o  be no way t h a t  t h e  information generated a t  t h e s e  h igher  l e v e l s  can 
he used t o  s e l e c t  ( i n  a top-down fash ion)  a c t u a l  p roces s ing  procedures 
a t  l e v e l  ( A )  . 

Thus we a r r i v e  back a t  a  very t r a d i t i o n a l  approach - us ing  h igher  
semantic information merely t o  check the  r e s a l t s  of lower l e v e l  
s y n t a c t i c  process ing*  We a l s o  r e s u r r e c t  t h e  o ld  p r ~ b l e m  - how can we 
t r a n s i a t e  sy r i t ac t i ca l ly  b u i l t  s t r u c t u r e s  syster.l.ae.i,.-ally i n t o  semantic: 
i t ems?  This  i s  one c r u c i a l  a r e a  where much work i s  needed, 

Tt i s  worth xent ioning  i n  pas s ing  a  r e l a t e d  i s s u e  (which i s  n o t ,  however, 
central.  t o  t he  argument presented  here)  , Various f a c t s  ( e .  g* t h e  
d i v e r s i t y  o f  forms of "hP", commented on above) have l e d  some people 
i~; a r t . i f i c i a 1  in t e l l i -gence  tc d i s c u s s ,  over  t he  p a s t  few yea r s ,  
"'midcii.e--oi.~C parsing" a The i d e a  i s  t h a t  using a  coinbinatiorl of top-down 
and bottom-rrp techniques i s  the  b e s t  approach ( c f .  e * g ,  Marcus (l97599, 
(This  i s  n o t  t o  be confused wi th  the  terminoloq.2 of Woods e t  a i m  (19761, 
who ~ : s e  "lriiddle-out" t o  r e f e r  t o  the  d i r e c t i o n  i n  which t h e  inpu t  s t r i n g  
i s  scr;nrled, c o n t r a s t i n g  wi th  " l e f t - t o - r i g h t " )  . ':?I-:i.s seems v e r y  p l a u s i b l e ,  
and i t  acknowledges t h a t  t h e  not ion  of top-down process ing  i s  o f t e n  
inapprtspriate  f o r  a c t u a l  words, What t h e  arg1:rrrients i n  t h i s  paper  aim 
t o  e s t a b l i s h  i s  t h a t  t he  bottom-up processirz:~ of words would have t o  be 
organised around s y n t a c t i c  u n i t s ,  even i f  t h e  top-down p r e d i c t i o n s  were 
expressed semant ica l ly .  

So f a r  I ~ L I - T -  been developing v e q  negat ive  conclusi.or:sa This  has been 
riecessnsr;i, s i n c e  I be l i eve  t h a t  it. i s  n o t  cons t ruc t ive  t o  ignore c e r t a i n  
b a s i c  i-l--. I a ~ b ~ ~ o n ~  - k ' ~f language r e sea rch ,  or, worse s t i l l ,  Lc t a l k  a s  i f  t h e  

ques t ions  have been solved.  There seems t o  be a  p r e v a i l i n g  f e e l i n g  
wi th in  a r t i f i . c i a l  i n t e l l i g e n c e  t h a t  English gra .mars  can be organised 
riround semantic e n t i t i e s  (usuaLly, referent i .a?_ semantic ones) , and t h a t  
sema.ntic p r e d i c t i o n s  w i l l  g r e a t l y  s impl i fy  the  process  of  sentence 
a n a l y s i s .  I be l i eve  t h a t  t h e  f i r s t  of t hese  claims i s  f a l s e ,  and t h a t  
t h e  second i s  ove r - s t a t ed ,  Any rriodels which a r e  based on these  
fo~mdati .ons m a y  be i n t e r e s t i n g  a s  r educ t iu  ad ahsurdurc r e f u t a t i o n s  of t h e  
croanises, hu t  they w i l l  n o t  themselves be use fu l  t h e o r i e s *  

W l - i a t  T<*7./e :.:list do i.s t i g h t e n  up our  own netlnodologicai s tandards ,  
Hypotheses must be based more on the  a c t u a l  p a t t e r n s  wi th in  lanquaye, 
ra . ther  ?:him or1 c u r r e n t  dogrrms.. We shocld be more e x p l i c i t  about what we 
mean by terms l i k e  "syntax" and "semantics",  and s t a t e  e x a c t l y  what 
c o n s t r n c t s  w e  asre de f in ing  wi th in  t h e s e  headings,  Above a l l ,  we must aim 
f o r  theore t . ica i  g e n e r a l i t y ,  ra . ther  than concent tat i .ng on t h e  quick p r o f i t  
o f  w r . i t i n g  onr-off programs wi th  no wider consequences- 
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vlhat is a social action, and what woali it b e  for a 
sscial actions to b e  incorporated into a n2trrral lanyilage 
unlerstantjinq system? A simple notation for tylkinq \zbout 
the goals of the participants is introrJ~icecf anl it is 
su~gested th;lt jiven a siifficientl;r precise .;enzntics, 
this not~tian could efficiently -il;scrib>e tLie kno~llecl~e 
needed by a .;y.;tern which co r l l c j  rise and c_rn ierstand the '1se 
by others, of a small subset of social acti~q?, 

KEYViOHDS action, social a c t i o ~ ,  convzrsatio?, poll t;\????s, 
dislayues , ~ot~3ti~rl. 

--------------- : g - - -  

The Aiscussi9n belov~ is to be viewe f in the cqntext 
of a project w h ~ o s e  aim is to write 3 pro2ran cql1eJ LJ 
w h f  ch is c d p a h l e  of participating in the kin f of ~Qattlral 
L a n ~ u a g e  ( 7 0 n v e r ~ ~ j . t  ions which take place Set~slee~ th ti;ers 
and ooerat~rs of ;i conptltinl irrstallstion, A.;sume th-~t U 
hds k ~ o w l e d g e  of 3 small repertoire of actjot-; which it is 
both capable of r~sing, a?d iinder5tanding when use3 or 
requested u y  its converr>ation?l p e r  The socinl 
actions, incliidinq, for exjrnplc, thanking, dpolok~isi?7, 
complaining e t c l ,  depend f o r  their rlse 9r7 w h a t  Rrrice 
C 1 2 7 3 1  h3s c;.rlleA "belief systems i:nol,~led-;l?', th?t is, 
knowledge of "'ins ti tu t i o n  11 i2,.ic"c8 C S e q r l e  1 Y 6 2 1 ,  
knowledge of otherHs k~opjlej~e kqfins~y 1365 1, and 
knorvledge ;jibout j ntentjlonsc T ~ P  physical -ictions fire t h o ~ e  
which h a v e  their effects on th2 ~ilderlyinj lode1 ~f tha 
conpr~ter system, such a5 ali3cdting 3 rieaIlocatiri2 
resources, mrjnting tspes, .?n3 5 0  on, 

This df visiorl of -j~tioi?s i n t o  2 C ~ ~ S S ~ S  ~ ? y  713t 
ultimately prove tenable, kjrit t-iy iiiaki.7~ t"l iiittir$ioo 1 
capr, at least pose the qri~stion: bthit is i~volve-l in 
getting iI t9 understqnd ti-re social 3ctinns in its 
repertoire? For it is ~ i t h  actio~is like t h a ~ i : i q ? ~  
apoloqisincg, complainirlq, r e i 2 1 i ~ ~ t i ~ ~ ,  r q n l  tile like t5z.i; 1 . f ~  

sh311 m2inly be concernQ1 here, 
I-et U S  bey in by cansi l e r i n  j si?-?? < ? s ~ > E ~  t~ > f  01ir o 1"1 

understan din] of social actiL31se 



P V ) e  - g p ' i r a t '  rr 3f i c t  o n  t by ~ I j e r  J or l s i r t - rq  t h e  
q i e i t i , ? n :  t h y  111: X lo s J  T f , - r e  - , e t ,  -;, b i i l h r t ? y ~ ~ r - t  o i t  3 

commonsen-  t. 31 s"c r r \ i  t i o n  ' -?t v r ~ n  r, type5 o f  e v p l  t n ~ l l  i o n  
c o ~ s i s t e n t  ~ g i t k  t h i s  d e f i n i t i o n ,  w h i c h  I s b a l ,  c a l l  
i f o l l o w i n g  # i l k s  i 19773 1 RER ~ ( lp l  ~ r t d  <:.?'ISB e x p l d n a t i o r l s .  

Suppose ,  f o r  i n s t m c e ,  t h a t  I ask f o r  <?n e x p l n ~ a :  i q q  

o f  X w a v i r g  t o  me a c r o s s  t h e  s t r e e t ,  A p a r a d i g 7 i ~ t i c  
r e a s o n - t y p e  e x p l a n a t i o n  w o i ~ l ~ i  bt  I n  t?rms o f  X's reaso?.; :  
h e  w a n t e d  t o  g r e e t  me; h e  w a n t e l  t o  let m ?  k n o w  t % n t  h e  
was t h e r e ;  h e  w a n t e f  t~ show t h a t  h e  f e l t  p o s i t i l r e l y  
"col*iard me, h 7 a r a d i g r n a t f . c  c d u s e - t y p e  e x p l z n i ? t i o ~  ivolil4 b e  
i n  t e r m s  of t h e  movement  o f  h i 5  musc le . ; ;  becar l se  o f  t h e  
m a ~ n e t s  a t t a c h e d  t 9  h i s  qrms a n d  s o  07, 

A t  a n  i n t u i t i v e  l e v e l ,  t h z  : i i f f ~ ? r e n c c  "t?t:!een t l e s e  
k i n d s  of  e x p l a n d t i o n  lies i t h 2  e 1 e ~ e n t  ~f ~ ? ~ S P ~ C ; ~ J S  

c h o i c e  t h a t  r u - A e r l i ? s  r ~ 3 s o n - t y p e  e x p I a n a t i 7 n s .  ( i i t h  
c a t r s e - t y p e  e x p l d q a  t i o r ~ s ,  t h e  n o t  i o n  3 ~t.: i i q - f e r l y i r i j  
i n t e n t i o n  doe5  n o t  ? r i s e  f o r  t h e  a c t i ~ n  i~ $ c o i ~ c e ; t ~ i ; j l i s ? d  
a s  h a v i n g  t a k e n  p l a c e  i n e v i  t d h l y  3nd i r r e r i s t  ??l/, 7 1s-q 
o n e  b i l l i a r j  b a l l .  c ~ l i s c s  n q o t h s l -  t o  qods t k ' r ~ ~ i ~ h  i ~ r , ? c t .  
S t a t i n g  t h e  3 i f f e r e n c e  i n  t h i s  way I n-ike qo c l q i r ?  t o  
p h i l o s o p h i c a l  s o p h i s  t i c ~ t i o ? ,  f o r  t5ler-P i s  q t  1 ? ~ i ~ t  orje 
s o p h i ~ t i c d t e J  p h i l o 3 o p h e r  (3-3~1 i s o n  i 19673 1 i T i ' i i ? t 3 i ? ~  

t h a t  r e a s o n -  t y p e  e x p l  q n d t i o n . ;  ? r e  7e113l!t d 1 5 7 t l i ~ e 3  f q r - r v  
o f  c a f ~ s e - t y ? e  e x p l  a n a t i o q s ,  ~iow ? v ~ r ,  I  e?ipc13si.;e "c-i t i t  
i s  n o t  my : I i i rpose  t o  g i v s  I ~i .1  l o s o , ~ h i c  11 i 'courlt o f  t h e  
d i s t i n c t i o n ;  r a t h e r  i t  i c ,  t o  e ~ h i ! 2 i t  c 5 n t  t h e r e  ;Irp t . 1 ~  

k i n d s  o f  e x , J l ; i n a t i o r l  o f  a c t i o q  g b l i c h  ma] 5 e  - i r c e p t ? n l e  3s 
s u c h  u n d e r  q i f f e r 2 n t  c i r c l ~ r l s  t37ces. C ? l s i  i?r " l o r  t h e  
e x p l a n 2 t i o n  c b i a n q e ~  ~ h ~ n  c~h;;t l ~ i ? :  t h ~ l i - ~ h t  iq~35 ?il  

i n t e n t i o n a l  d c t i o n  ~ I I T Q S  o r ~ t  n o t  t o  Sc2, I rkc .  t % e  " l j ? ' ~ ? ~  3 f  
t h e  wax man a t  M d d a ~ e  r u s s a u , i ' * s ,  

I n  c r r i \ i e r s t8n t i i nq  s o c i a l  ~ c t i o n s ,  ' a r ?  a r e  ' ~ o c ; t l y  
i n t e r e s t e d  i n  u i v i n g  r e a s : > n - t v p e  e x p I ~ ~ 7 r ? t i 0 n s ,  h e r 7  I S  .are 
a r e  d e a l i n g  w i t h  d c t i o ? ~  t h ? t  3 r e  p e r f ~ r n e  i on pr i r ?cxee r  
a n d  r iot  t h c l r e  w h i c h  a r e  t h e  p rod1rc t  o f  m q r e  c i r c i i r 7 ~ t a n r e ~ ,  
I t  i s  o r r ly  : i y  t r e a t i r l j  t h e m  3s s l ~ c i - \  thdt 3 p r q y r a a  l i ' : e  ' I  
m i g h t  be a b l e  t o  r e spnn i " i . i i t  a n  n n r i q r o ~ r i q t e  . ;opi;i l  
c o r l n t e r a c  t i o n ,  ~ i n d  I t h e r e f o r e  r q ? ~  i J a r  t'-L? t t h e  f i r ~ t  
s t e p  t o w a r d s  u n d e r ~ t a n i i n q  a s o r i a l  a c t i o ?  I S  t h o  
c o n s t r ~ ~ t c t i a n  o f  a r e a s o n - t y p c -  ? x i ~ l z ~ ? t i o - ~ ,  

Any s y s t e m  lvillch p r ~ r p o r t  s t r ~  i r r l t i e r - ~ t a n d  5 3 r i a l  
a c t i n n s  t a k e s  ds i n p u t  fer;r ,r  i n t i o n . ;  i ~ f  t ,?i?c;e . ; c t  iol.;. 'bit 
t h e  p r o b l e m  is  t h q t  t h u  s-irni. d c t i o n  ri.: b e  , I t - ? s r r i k e  l' i n  
ma9y d i f f e r e n t  w ~ l y s ,  X w ; i v i n j  a"te 3cr-055 thi. s t r e e t ,  f ~ r  
e x a q p l e ,  c 9 ~ 1 1 1 '  b e  clescr iber-4 a s  h i v i q  j [ )e r fqr - . l c  i ~3 c3vple: :  
k i n d  o f  q r m  n o v e m e n b  3 v a v e ,  i q r e e t i n j ,  a7i t h e  
s u i t a b i l i t y  of  e a c h  o f  t i i e . ; ~  d ? s c r i r l t i o r l c ;  j { ? n ~ r i  15 31 t h e  
rrse t o  w h i c h  t % r y  m i $ - - t  be p i ~ t .  



The discus~ion above,  an3  i n d e e j ,  mrich of the 
discussion i n  this paper, presupposes a 5 i j h  level input 
description of the social 2ction.; involve-i, such 3s " X  
greet 'f", " X  th8nk YB1, ""Xapoloqiseto Y u  and  so on, This 
is not intended to convey any lark of interest in the 
interactions b e t ~ e e n  descriptions at different levals, and 
in section VI a plausible rilechailisv for briilrjinj hijh 
level descriptions is briefly liscrissed, T%e 5riefqes~ 
reflects my feeling that ~3t present thzre ic; rnrich to be 
said about the logic of social actioi-~s at tl?is h i y h  level 
which advances our own rinder~tan.-lin-j <>f t'\e infereqces 
thqt they cause to taks place, It I5 crrici3l that c ; i ~ c h  
understaniin,~~ shoiild nrece-ie pro;r--lr;ir?in2. qlli?.~ti211? of 
hod a particrrlar social ~ c t i o n  is "'ir7~,le~2?te:-i~: For c7 

greetincg, say, whethc3r i t is per-forme 1 bv v~a5~i-13, or 
saying i seems inllep~njent (it 5ee?is 7 5  -1e1 t3 the 
question of formal1 ?in3 1d1-1 it take; j;l T C ~  iq th,e 321 ief 
system of a 3otentiai Treeter or 2reetse. 

t h e  day of corice~tii"~lislr-17 intdt?tin?al '9eQavio lr is 
in terns of joals* 

I n  this paper, 3s tbirro i~horit .nst of " c e  '41 
Ilterature, the concept of 7031 is clorely yr)nnectei vich 
the t o  of 7 ~ t 3 t e  of ti?$ w)rI1 14-iich c o n ~ i ~ t ~  
esseiltially of a? iilfinitc- ronjiiirtion 3 f  2ropositio?$. 
For e ~ 8 m p l . e ~  the cornm;lnd " o n e n  the door!" i i s  3ssoci.itnuJ 
with the qosil progositiionr the door ic; q r ~ e l ,  so t h ~ t  ?ny 
s;t2te of tile worl i h i c h  corltdirl~ it ic; 3 c-l? ji ?ate jo2l 
state w h ~ c h  the conna~der 1~arlts to J e  5 r ~ r ~ j h t  qbnrrt. 
Because infinf te conjrincti ) ? s  3 f  propo~i t i o ~ s  carlq9-t ' ~ e  
repxesenteti extensionally, i r r  alter??tiv~ d  ore 
tractdhle w y  to ie4L hitL) s t ; i t e c ;  tri:atci ecjcf ,  c o n t . i i ~ e d  
proposition, as a preflicate ~"ricn is i,r~ir: t*~5eq :p.?Li.-"f to 
the ~ t ~ t e  ~ i 7 ;  qliestione The ,,ropo.;itior~ u ~ ~ ~ n , ( c ~ 9 ~ r ) ' ~ t h e n  
becomes the aredrrate 

h8nbdd s,apen(.lcmr,?)* 
These are e s s e n t i a  lly th-l. sropo.;i t i ? r i i 4 1  f l u ~ n t s  of 
McCarthy 819131, 

T h i s  cor~ceptrr;llis?tion of 7~131 ic; =ii:'t~qir?t.. to estr)l=lin 
the simplest 4inl-i ~f iri"cntioria1 i->eha~i?~lr, The issije of 
the above c?mrnand, for i~std?ilrt, can, be e~,ril;?ined ?l?nj 
the followiq lines2 i ~ 5 ~ i i r l l  ~3 co.i~-i?i is 3 l e c j i t i ~ a t e  
method for c q n d z y  i ? g  to k e ? r ? r  t b s t  ore b 3 s  a 7031. 
Therefore h j  assrrmin~ the co-nq;r;ndrr ' I  3 p a l ,  his 
utterance I.; e x p l a i ~ e d  3 s  .t step ir. s : , n o v ~ .  pin? for 
gettiqa the h e w e r  t q  k73w t99t ~nt? h a $  - ;311. S ( i c h  2031 
oriented e x p I ; l n a t 1 a ~ s  ~ i r c  ?qt . i e ~ i  iq YL r l?  1 0 r ~ t i ~  j i n ~  
syc;teqs, SrJti-?dT41i B lkina7raJ : 273 1 ,  for i= <3"1:1le~ ilspe: te J 
its goal tree cn dnswi3.1- #k?hy8 qrie;+,i?r7..; nl,oijt it5 owl 
actions. The intrinsic c~nri~ction bi.t~it'i~n n'cplanqt13n~1 
goals and nl4n.; h d s  #3lso Seen, ?r~init,ei i 2 r  t5e ~ j e r l z r ~ t i n n  
o f  social ~ ~ c t i o n s  t-~v Prrra1rr i" t ; i r i  i ' 1 1  3 771, The  
al4orI"ihm f-jr _s.iticsfyinj -joilc1 c?ncl~i"i~1 in t ' l i s  7 3 ~ 5  



some th ing  I i  ke t h i s t  f i n d  t h e  a c t i o r l  which y i e l - l s  a s t a t e  
t o  which t h e  g o a l  p r e d i c a t e  q p p l i e s ,  t h e n  i V l f e r  t h q t  t h e  
owner  o f  t h e  g o a l  d e s i r e s  t h e  p e r f o r m a ~ c e  of t h a t  a c t i o n ,  

A p e r i p h e r a l  i s s r l e  which d e ~ e r v e s  ment i (??  i s  t h a t  'dl. 
a l l o d s  t h e  e x p r e s s i o n  o f  many i n t e n t i o n s  whi rh  c a n ~ o t  be 
c a p t u r e d  by t h i s  s i m p l e  r e l a t i o n s h i p  b e t d c e ~  / ? a i v e 8  3 0 a 1 s  
an3 a c t i o n s ,  F o r  example ,  compared t o  t h e  u n p r q h l e q 3 t i c  3 .  

a *  Open t h e  door !  
t h e  d e s c r i p t i o n  o f  n h a t  t h e  s p e d k e r  w s q t s  1-1 h, ? n ?  3 

b ,  deep  t h e  i o o r  open!  
c ,  Leave t h e  d o o r  open !  
3, L e t  t h e  .door open !  
( t h e s e  examples  d u e  t o  P a t  ti aye^) 

seem t o  r e q r ~ i r e  more t h a n  a s i lnp le  s t a t e  of e k e  ~ o r l d .  It-& 
b 3 r d  c i t  is some"cin7 l i k e  a psr loci  qf t i r . ; t ?  l f f i t h  c ~ r t a i n  
c h a r a c t e r i s t i c s 9  ~ i h i l s t  w i t h  a  q n t f  f i t  i s  cl c e r t s i ~  ic iq l  
o f  e v e n t ,  i ) r t h m j o ~ n l  t o  t h i s  8 t e ~ p r ) r a l  ? (  3pe8 of t h e  q o a l  
i s  t h e  ' p o t e n c y R  o f  t h e  i.rqrld pres r ipposed :  i n  t h e  a b s e n c e  
s f  f u r t h e r  a c t i o n ,  t h e  d o o r  c h a n j z s  s t ? t e  spo" ; ta?co i i s l  i n  
b and d ,  h i  i n  a a?d c  i - ~  s t ; i y ~  p7 i t . .  E-ici-i of  t ~ e s ?  i 
a x e s  i s  r e l a t e d  t o  t i le p r o : > l e n  o f  d e c i  jilj whether  t h e  
commandez d e s i r e s  e x p l i c i t  i ~ t e r i i e n t i o i l ,  a s  o ? ) o s e r i  t o  the 
mere c o o p e r d t i o n  o f  ~3 he , ? r e r  w h n  i s  a t t e n q t i ? ~  to ~ q t i ~ f y  
t h e  goal* 

Unfor t r i ?n t e , l y ,  s n a c e  preve.it.5 t j l ~  f l i l l  r 9 n c i d e r 7 t _ i r 1 7  
t h a t t h e s e  i ss l les  d e s e r v e ,  k ~ ~ t  t he i r  . i i  11 -32 ; i v e r ~  . j r ~ e  
a " c t n t i 0 n  in a fori;hco%in,~ pnpe r ,  For t h e  reln?iq-iel- o f  
t h i s  t d i s c r l s ~ i o n  I 1~111  ;J.;srme t h a t  -i q o a l  c3n  ~ ~ ~ I \ J I V C ;  h? 
a c h i e v e t i  by t h e  perfox-iqdricc of s o q e  a c t i o ?  ( c o 2 c e i v e '  3s ;i 
s t a t e  t o  s t a t Q  t r 8 n s f o r m q t i o ~ ) ,  

\31e i t se f i i l  pri3pert-j of  $ j o a l  t ; i l k P  i s  t h  ~t j t 15 .;y 
t o  d e f i n e  a c o n c e ~ t  ~f 'jell 7 w n e r s h i p R ,  t ' j  3 t  i s ,  tt.i,it 
so-neoqe h ; i s  -? r1oa1, i n l i t h ~ ~ ~ t  cornmit t in(?  one. ;e l f  t r ,  -i? e x ~ c t  
s p e c i f i c a t i m  of i t s  n a t u r e ,  The t r t i l i t y  of t" is  n%y ~ 9 . t  

be i rn rnec i i a t~ ly  obviorr.;, s t l f f i t ~ ?  i t  to s q y  that Q ~ P  c(3i7 

g i v e  a s i i r p r i s i n g l y  s i m p l e  accoirrit o f    rich 5ocir71 ? r t i ? n s  
a s  c h a n k i n ~ ,  a n o l o ~ j i s i n ~ ,  4 n i  r e q ~ r e s t i n ~  i i c ; i n ~  this 
c o n c e p t  qnd t h e  r e l a t e d  r n r l c a 3 t s  of )7011 i i r 5 i e v i q j 8  2nd 
'goal  d i s a c h i e v i n y ' ,  whi rh  I s h a l l  ?oiv ; ? t t e ~ p t  t o  
i l h ~ r s t r a t e ~  The key i d e a  i s  t h a t  i n  sorinl. i ~ t e r a c t i q q  
a r e  n o t  l i r n i t e d  ta p u r s u i q ~  o l i r  oizr? yo?ls, biit 3Eso t b l - .  
g o a l s  o f  o t h e r s ,  

C o n s i d e r  t h e  f n l l o w i q 3  i n s  L l r r c e  of t h a n k i ? ? :  
A> i ia i re  yoiu c j o h  L i g h t ?  
R> iierc.., 
A> T%anks, 

r'dhqc I wan t  t o  s ~ i r l g n s t  i s  t h ? t  vhenevnr  ( owls 3 70-71 and 
Y does s o v e t h i n l  which d c h i e v c s  t h a t  g o a l ,  theq X t h a q k s  
Y *  I n  t h i s  c ? s e ,  APs f i r s t  u t t 9 r a n c e  C a r l  be coqstr1le-l  7 5  

cornmur?icatinij  to R th-.jt % e  h a 5  8 go31,  S ~ ~ c i f i c - . j l 1 ~ f ,  t h ? t  
h e  d a q t s  A t o  g iv :  him a l i j h t *  E t h e n  r i v e 5  [>in t h e  
i i y h t ,  a c h l e v f n q  h i s  -yo=11, w i t h  t h e  9 r e j i r t 3 i  r ~ ~ r i l t  tb;it 



A "&hanks 8. N o t i c e  t h a t  i t  i s  p o s s i b l e  t o  s t a t e  t h i s  
s c e n a r i o  a b u t  t h a n k i n g  w i t h o u t  men t ion ing  what  t h e  g o a l s  
a r e c  T h i s  c a n  he made e x p l i c i t  w i t h  a s i m p l e  p i e c e  o f  
n o t a t i o n 8  L e t  cXxgV+> i n d i c a t e  an a c t i o n  by X which 
a c h i e v e s  some g o a l  which i s  o,gned by Y e  Then a  c o n s i s t e n t  
s e q u e n c e  of a c t i o n s  i s  

( I  1 < B ~ Q A + B  <A t h a n k s  R >  
Now c o n s i d e r ,  w i t h  t h e  a i d  of t h i s  n o t a t i o n ,  a n o t h e r  
p o s s i b l e  s eq i i ence t  

12)  <n ? 3 r  < B l g A + >  
Hh;?t p o s s i b l e  s o c i a l  a c t i o n  by  A t o  Ei i.; c o n s i s t e n t  , .? i th  
t h e  s i t u a t i o n  b e f o r e  R a c h i e v e s  one  of A 8 s  > o a l s ?  The 
a n s w e r ,  I  s u g ~ e s t ,  i s  some th i77  c l o s e  t o  a  PEt2LIEST. 

T h e  n o t a t i o n  c a n  be exten(4ed by  a l l g w i r l ~  g X t 3 Y - >  t o  
s t a n d  f o r  a  a c t i o n  which by  X which d i s a c h i e v s s  o n e  o f  
VJs g o a l s ,  h i s  n o t i o n  of d i s a c h i e v i n ~  i s  h a r d  t o  j e f i n e  
ex;ic"iv, b i ~ t  f o r  t h e  t ime  b e i n 7  i t   fill b e  . ; r i f f i c i e ? t  to 
5 3 y  t h 3 t  A 9 5  ~ o a l  i s  3 i ~ ; i c h i ? v c ? , l  j u s t  q f t e r  Rfs 'noP i n  

A> Can I have  a li j h t ?  
H> No. 

r i e r e  I ~ t i q j e s t  t h a t  what ~ a k e s  3 j s  r i t t r e r3nce  i n t q  ? n  
abrirpk r e f r ~ ~ 9 l  r a t h e r  thar? c7 g o l i t e  o?? i c ;  t%e l r i - ~ :  of 
a p o l o g y ,  o r  t o  be  e x a c t ,  p r e - a9b lo7y  f G o f f ~ a q  19711. ( c f  
B> S o r r y ,  no, 1 

T h i s  t r a n s a c t i o n  d~oiild ns r e p r e s e n t e  li i q  t h e  q a t - ? t i c ) ?  
by 

( 3 )  <ti p r c a n o l o g i s e t o  B> c A : ~ 3 - >  
Note t h e  d i s t i n c t i o n  h e r e  b e t v e e n  preapo1oqy a n  l a p q l q ~ y ,  
which woulA b e  r e p r e s e n t e j  by 

( 4 )  <n:qB-> < A  a p o l o q i 5 e t o  B> 
I n  p r e a p o l o g y r  t h e  ~ ~ n c i e s i r < j b l e  a c t i o n  ( i ?  t h i s  r a s e  
r i t t e r a n c e  of t h e  word / n o 8 )  i s  i n  t ' l c  fu t e l r e  iv i th  r e s p e c t  
t o  t h e  p r e a p o l o q y ,  I n  dpo loyy  p r o p z r ,  i t  i s  iq  t h e  o 2 s t  
( t h i s  i s  r e f l e c t e d  i n  oirr t i n d e r s t 3 n i i ~ 7  of a q o t h e r  
p o s s i b l e  r ep1  v by B, Y, i i o ,  s o r r y ,  1 

N o w  c l e a r l y ,  by enumer; .r t i?a a i l  t h s  combinat io? . ;  o f  
v a r i a b l e s  i t h e  n o t a t i o n  a s  i t  s t n n t l s ,  de can a u e ~ ~  ~t 
p l q u s i b l e  i n t e r p r e t a t i o n s  f c ~ r  t h e  s o c i q l  i r t i o n s  i q v o l v e d ,  
f o r  example b y  s i v i t c h i ? g  t h e  v , j r i ~ b l e s  i q  t h e  set:?? i 
component o f  ( 4 1  

( 3 1  Qitqi?+-> ci3 'd A >  
we g e t  UNs ; ~ c t i o r l  t o  A a f t e r  A h?.; f i s a c l 2 i e v e - i  one  of  R P 5  

qoaLs ,  A s o c i s l  r t c t i ->n  srrch 4.; ?3;IPI,I"iINIrI^I ilorrld f i t  t h i . ;  
s c e n a r i o ,  O t h e r  cornbinat  i o n s  . ; i ~ ~ q e s t  o the r -  soc i;il i=ic t i o n s  
eq 

(61 cA warn €3 > cRr7B-> 
17)  < 4  s d v i s e  B> cC:gR+> 
181 <BsqD--> <4 s y m p ~ t h i s e w i t h  F3 > 
(9) <B:qB+> < A  c o r j r ? t i i l a t e  B> 

I dand"cwan"c t o  a r T u e  t h a t  t h z r e  i s  a n y t h i n g  m a g i c a l  abar j t  
t h i s  p a r t i c l i r l ~ r  n o t a t i o n ,  hrrt wh3t i c ;  i n t ~ r e s t i n ?  i s  t h a t  
t h e  s c h i e v i n g  an% d i s a c h i e v i n g  of jiist one  g o a l  seems t o  
be  ;B powerful .  c q n s t r a i q t  o? t h e  k i n d s  o f  s o c i a l .  a c t i - 1 3 s  
t h a t  s r r r round i t .  The f a c t  t h a t  t h i s  n o t ? t i o ?  hqnpens t o  
r e p r e s e n t  t h i s  e ~ o n o m i r d l l y '  i s  nn more th317 a h s p p y ,  i f  



s o m e w h a t  c o n t r i v e d ,  c o i n c i d e n c e .  
An o b v i o u s  o b j e c t i o n  t o  t h i s  c l q i m  i s  t h a t  t h e  

m e a n i n g  o f  t h a n k i n g ,  a n d  r e l a t e d  s o c i a l  a c t i o n s ,  c o u l d  ~ o t  
p o s s i b l y  be  e l u c i d a t e d  w i t h  a t h e o r y  o f  t 5 i s  s i m p l i c i t y ,  
f o r  t h e r e  i s  n o  p r o v i s i o n  lnr i thiq i t  t o  r n e n t i 7 n  t h e  
r e l a t i o n s h i p  o f  o n e  p e r s o n 4 s  goals t o  t h e  other; t o  s t q t e ,  
say t h a t  B w a n t s  h i s  j o a l  t o  h e  a c h i z v e d  b t l t  does n o t  
w a n t  A t o  a c h i e v e  i t *  To some  e x t e n t  t5 is  ip rob lzm i s  a n  
a r t i f a c t  of  t h e  n o t a t i o n ,  f o r  T h n v e  s a i d  n o t h i n g  qhor i t  
t h e  p r o c e s s  by w h i c h  t h e  a c h i e v i n g  o r  d i s n c % i e v i n 3  of ;i 

s i n g l e  g o a l  i s  d e t e r m i n e d ,  T h i s  c o r ~ 1  4 h e  d r b i t r a r i l y  
c o n p l e x ,  arri c e r t a i n l y  c o i l l  l i n v o l v e  a p r o p o y i t i o n  of the 
f o r m s  B f s  j o ? l  i s  s u c h  t h a t  a l l  a c t i o n s  h y  2 will n o t  
a c h i e v e  i t e  

A n o t h e r  p o i n t  w h i c h  n e p  lc; c l q r i f i c a t i o n  i s  t h e  T ~ T ~ ~ I S  

of e x p r e s s i a r s  l i k e  
( I d )  c R t g A - >  < A  t h a n k s  9> 
I l t 1 < A  p r e . l i p o l o g i s e  t9 PE c A ~  3I3-1-2 

w h i c h  a r e  s e i n a n t f c a  LIy  o d d  7 i v e n  oilr- n o r r n ~ l  assrrrn:;i t ions 
a b o u t  t h e  a a r t r c f p a n t s ,  an.i t h e  c o n c ~ p t r ;  of th; lnkir l ( ;  7nd 
p r e a p o l o q  i s i r 3  J ,  

The t r o r r b l e  i s  ti?.?t, !p tiil n o d ,  I f 7 ! e  i l e z n  i i ' ; i ? , j  t h e  
n o t a t  i o n  t o  i n r i i c a  t a  c o n s i s  t e n t  .;eqriPrices of q c t i o n ,  q=li7fen 
t h e  n o r m a l  +ss i iwt ims.  i'hijs b j  rnel-el] w r i t i ? )  1 1 ~ ' )  o r  
( 1 1  3 ,  I a n  i m p l y i n g  t h a t  t ' l e v ,  t 9 0 ,  n r e  r n q s i s t e n t  r.i"lch 
t h e y  c l e a s l v  ~ l r e  n o t ,  T h e  i u ~ y  ~ i l t  of t b i . ;  , ~ ; l r q J o ~  ic; t o  
make t h e s e  n o r m a l  ac ;s r l rnpt ior?s  e x p l i c i t ,  .;;, t k t  i 1 4 )  A n  i 

t h i i s  f u l l y  s t a t ~ j ,  vro~rlti come orit 4 5  i ? c o n s i ? t e n t ,  
c a r r s i n g  t h e  r s j e c t i o n  o f  o n ?  slrr'l s s s  irript;'>n. i ' ihich J n e  t o  
c h o o s e  i s ,  of coiir 'se,  a pr-obldr?,  ' : l i t  i n  t + i s  1 2 3 5 2  3ny  
s y s t e m  s h o i i l d  h e  inore : , r c p ? r e d  t o  r~ j + c t  -.1? j s ? i i i ? p t f o n  
a b o u t  o n e  of  t n e  p a r t i c i p q n t s  t h 3 n  a"l2iit its ' tnowlt?-fc;? o f  
t h a n k i n g  o r  p r e a p o l o q i s i n q *  

F o r  t h e  t i m e  b e i ~ j  l e t  u s  i g n o r e  s rch s h o r t c q r l i ~ 7 s  
a n d  a s k  o u r s e l v e s  dh3t p o s s i b l e  ise t h z  k q o w l ~ d 7 e  w h i c h  we 
h a v e  beefi  n r i k i n q  e x p l i r i t  ~ o i i l J  b e  t o  1 '71 i i ? d e r s t ? n c i i n ?  
s y s t e ~ .  To iio t h i s  i.ia rirst f i r s t  o f  a l l  n i ~ k e  c e r t a i l  
a s s u m p t i o n s  about s u c h  a s y s c c v .  
A l .  T h a t  i t  shoiili-i be ? h i e  t o  ij.;e, and r e c o l ; q i s e  t h e  llse 

by o t h e r s ,  of s o c i - l  ~ c t i o q s  s i rc5  ? ?  t h s q k i n g ,  
a p o l o q i s i n 7 ,  e t c ,  
A2, h a t  i t  s h o i i l d  h a v e  i n d e ~ e n d e n t  c r i t e r i a  f o r  deci-ii?.;  
w h e t h e r  a g o a l  h a s  h e e n  3 c h i ~ v e . i  o r  J i s n c h i e v e 3 ,  
Now t h e  y l ~ e s t i n n  i s ,  wha t  c ~ u l i  nn. expres s io r l  l i k e  ( 1  1 

d 1 1 < t 3 ; 7 A + >  c.4 t h a n k s  Rr 
i d E A N  f o r  s d c h  a p r o g r - a ~ ?  I *$rill  t r y  t o  7 n s w e r  t h i ~  5v 
t r y i n < ]  t o  s t ? t e  t h e  g c r l e r a l  c h d r + c t e r  of i n f e r c q c e i ;  18i5ich 
colil;! be m~cde Frorri i t  To b e 7 i n  w i t h p  I "Jill n ~ k ~  t h e  
p o i n t  of  v i e d  o f  t h e  ?ri)ijr3'rl e x p l i c i t  by r1siq-j b ~ 4 1 F 8  3nd 
' o t h e r J  i n s t e a d  of ' A R  artti 'q" ,  Tcli;  -7enera te . ;  2 
c a n f i g i l r a t i o r t i ;  f o r  i l 1 

( 1  2 1 c b e l f  r 7 C l t ~ e r + >  <3ther t h s n k s  S ~ l f ,  
( 1  3) <Other2 ] S e l f + >  <Self thankc; Gthe r : ,  

Essentially, e a c h  e x p r e s ~ i n ?  s t a t e s  t h q t  a q i v e r l  s e c j i i e q c e  
of a c t i o n s  i s  ' c o r l r i s t e n t "  i l  3 s e l s ?  w h i c 5  c o 8 i l j  b e  (1~i3d 



( a )  To  p r o v i d e  t h e  s y s t e m  w i t h  EXPECTATIONS, e7 
i f  S e l f  h a s  j u s t  a c h i e v e d  O t h e r J s  70~31~ i t  
s h o u l d  e x p e c t  t o  b e  t h a n k e d ,  ( f r o m  121 
( h )  T o  p r o v i d e  SIJGGESTIOMS f o r  " w h a t  t o  do  
n e x t d B  e  i f  O t h e r  h a s  just a c h i e v e d  S e l f ' s  
goal, t h e n  a s i r g q e s t i o n  f o r  w h a t  t o  Jo now i s  
f o r  S e l f  t o  t h a n k  O t h e r ,  ( f r o m  131 
( c )  To p r o v i d e  EXPLAIdATIC)f.IS o f  a c t i o n s  by O t h e r ,  
eg  i f  O t h e r  t h a n k s  S e l f ,  t h e n  t h i s  corlld be 
e x p l a i n e d  by  t h e  e x i s t e n c e  i n  memory o f  a  p a s t  
a c t i o n  by S e l f  w h i c h  a c h i e v e d  t h e  g o a l s  of 
O t h e r ,  (from 121 

1 c o u l d  w r i t e  down s i : n i13 ia  a n a l y s e s  f o r  t h e  o t h e r  
e x p r e s s i o t r s  l i  s t e d  wi t h a c i t  ~ n y  n'i f f i c i l l  ty. .i rn:~c-h more 
s u b s t a n t i 2 1  p r o b l e m  i s  g i v i n g  3 c o m p l e t e  a r c o r l n t  of t h e  
m e a n i n g  of  s u c h  e x p r e s s i ~ n s ,  a n d  this ~ e i i l d  i ? v o l v c  
s t a t i n g  e x a c t l y  how the s v s t e - n  h?nci leLj  t h e  c o n c e p t s  o f  
s u q j e s t i o n ,  e x p e c t a t i o n ,  a9t-i e x p l a n a t i o ? ,  : i a y i r l 1 3 ~  f o r  
e x a m p l e ,  what h a p p e n s  w h e n  a 0  e x p e c t a t i o n  i s  t h w a r t , e r i ,  
when an a s s u m e d  e x p l a n q t i o n  f a i l s  t o  t q l l v  wit% t h e  f q c t s ,  
o r  & h e n  :i s ~ _ i g g e s t i o ? ,  s h o i i l d  n o t  bs c o ~ p l i e  I w i t h ,  T h e s e  
a r e  cornpiex  v c i t t e r . 5  w h i c h  r e l a t e  i n  a no0 t r i v i a l  .c?y t o  
t h e  or: t o 1 3  3 i. C A I  cornmi t t m o n t s  i ?  t h e  5\15 t e ~ ) ~  
r e p r e s e n t d t i q r l  o f  s u c h  B - n t i t i ? s b  a s  a -iist,ite ? f  t h e  :qiorl,i, 
o t h e r  p e r s o n s ,  a n d  t h e  r o l : i t i ~ n s h l ? s  t h a t  c? ,n  e v i s t  
between t h e n  ( s e e  LSchmid t  R . 3bAI - i ,~min  19733 for rii7 

i n t e r e s t i n ' ?  eua rnp le  o f  a c o , ~ p l t t e  s y s t e - n  ~ h i c h  erilploys 3 

s o p h i s d o c a t e l  nnldel of pe1-sonC; t o  e u r , l ? i n  t 9 e i r  . 3 c t i o n s I .  
T h e  p i a r i s i b i l i t y  of ( i n ) ,  s;t;i, r n i j h t  b e  r e s t o r - c ~ f  g i v e n  t h e  
knowledige ti7;?t , 1'; 3 r n - 7 ~ 0 c h i ~ t  ;-in(i t h e  . ;r~g7e.c;tlnn, t o  
t h a n k  O t h e r  i l i q h t  b e s t  be  i j n o r e :  i f  i t  ;.r?r~? knowri t h n t  
s h e  was s i i d e  i q  t h e  f i r s t  p l a c e .  

To qiai-e a cr rmple te  3 c c o : l n t  of  t h e  v e a n i n c j  ~f a n  
e x p r e s s i o n  1 s  "c:, s t a t e  t h e  ? i n J  (3: t h i n ?  i t  r e f e r 5  to, I n  
t h i s  G S S ~ ,  t3 s a y  t l ~ t  e a c h  e u p r < ? s s i . o n  c.!erlotes w e l l  f o r m e d  . A t  t h i s  seqi tence of ~ i c t i ~ n ~  of S ~ T I F !  r t i i l  kin,.!  
s t a g e ,  I. a;. i i n n i 3 l e  t o  .io t i? is ,  bri t  co rmn?  s e n s e ,  3s * - , e l l  
a s  3 c ies i rd  to a v o i d  c o 4 . i v i t t i n c ) .  t h e  s i n  o f  Tablet.; of  
S t a n e  11-layes 1975 1 d i c t a t z s  t h a t  ~ u e  i g n ~ r e  t h i s  ci1~t.y a t  
o u r  p e r i l .  I h 2 v e  t r i e d  t o  g i v e  a  p r e l i m i n a r y  a c c 0 1 1 7 t  i n  
t h e  a b s e n c e  \n f f i i r t h z r -  d e t . i i l s  of t h e  :;yste:il by S F I Y ~ T I I J  how 
t h e s e  e x p r e s s i o n s  a r e  r ise- i ,  anfd for th? p r e ~ e q t  t % i ~  w i l l  
h a v e  "c o l i f f l c e *  

F o r  a s y s t e i n  t o  u s e  the c n n ~ i ~ t e n c i e ~  .l 'nich I l-izvi3 
b e e n  d i s c i i s s i n : ~ ,  i t  r r o l ~ l f . i  n e c  4 !.!jti~iiati3l!i t o  il, . lVc! .C;C)Tie way 
o f  r e l a t i r i a  s o c  131 a c t i o n s  t o  t h e  i r ~ p l i t  1 1  t t e r ; f ? c e ~ ~ ; ,  

I n  some c a s e s ,  t h i s  i s  t r i v i a l ,  '7in';e t h e  o c c l j r r e n c e  
o f  ;3 s ~ I ~ , . J I P  LP/o~;J  c;ln i t s e l f  be s r ~ ; f i c i t ? r t  e v i l e n c e  t h a t  a 
p a i - t i c r i l a r  r i o c i ; i l  . 1 c t i o n  h.j!c; t a k e n  ;:1.1(7~?, Ti:s e x p l i c i t  
p e r f ~ r ~ a t i v e s  i/!r~~tin 19621 are 3 c + s e  :? n o i n t .  R r l t  
q e n e r a l l y  s ? e a k i n ? ,  t h s  process w i l l  n o t  h ?  La . f i r e c t  o l e  
3 n 3  n a y  i n v o l v e  3 c o n s i : 4 e r ; l h l z  ..imtlrint n f  i n f e r e n c e ,  Th3 



u t t e r a n c e  
"Carl ? x  ? y 4  

i s  t h r e e  ways a m b i g u o u s  betwee.1 a r e q u e s t  f o r  a c t i o n ,  a 
r e q u e s t  f o r  i n f o r m a t i o n ,  a  a r e q u e s t  f o r  o e r n i s s i o q  
d e p e n d i n g  on t h e  k i n t i  of p r o n o l j n  ?Y i s ,  a n d  t h e  k i n d  o f  
a c t i o n  ?r, is ( a  f u l l e r  d i s c u s s i o n  o f  t h i s  e x a q p l e  s ~ p e q r - c ;  
i n  Cnayes  & K o s n e r  iY7611, C l e a r l y  a n y  m e c h a ~ i s m  d h i c h  hds  
t o  d e c i d e  b e t w e e n  t h e s e  ~ L t e r r l ~ t i v e s   st he a b l e  t o  
r e a s o n  f r e e l y  w i t h  b o t h  p r a q m n t i c  n q J  s v n t q c t i c  
c a t e ~ o r  i e s ,  

A p o s s i b l e  h q n d l e  i n t o  t h i s  k inA of i n f e r e n c i r - 1 3  i s  a 
p h r s s a l  l e x i c o n  o f  the t y p e  i i 2 r l t i o n e i  by Y c c k e r  [ i e c l ce r  
19755,  and  a t  the rnovent I 37, e c p e r i m t . n t i n j  w i t 1 1  a p i l o t  
i m a l e v e n t a t i o n  q f  t h i s  w h i c h  m a t c h e s  I i ? u i c a l  i t e m - ;  
c o n s i s t i n c ~  of  c o m p l e x  p a t t e r r l s  w i t h  r e c ; t r i c t ( - !  \ i ? r i 3 S l ? s  
a g a i n s t i n p i ~ t  u t t e r a n c e s .  T h e  o i i t p t i t  i s  l i c , t  of  
p l a u s i b l e  h y p o t h e s e s  a b o u t  ( a m o q ~ s t  o t i - e r  t i  1 the 
s y n t d c t i i c  a n d  ~ e q a n t i c  c a t e l c r i e s  o f  t k e  i l , l r i d k ~ l e s ,  3n7' 
t h e  s o c i a l  a c t i o n s  b ~ i n q  p p r  forrne,l b y  t h e  p? r - t  i c i n > ? t s ,  
T h e s e  a r e  e x n r e s s e  J iil pr2 l i c ~ t c  ca l c t r l i i s ,  3f C Q  J r s e ,  
t h e s e  5 no r e a s o ?  i n  p r i r i r i ' n l e  why t 9 e  5 3 7 ~  - l e c : ~ - 1 f ~ : ' s ~  
s h ~ i l l d  n o t  be t ~ s e f i  i n  ~ ~ v ~ K - s P ~  f o r  r e i : ? o ? ~ ~  Zerrer it ik3n  
tko i rgh  a t  p r d s e n t  ~o vork ?as ne??  don^ i7 t i l i t  f i r e c t i 9 q e  

I J o t e  t n a t  e v p r e s s i o n s  i n  tha n o t q t l o n  a r ?  ~f tw i -9  
t y ~ e s  - 

i y p e  I :  0: thqn 'x  'i> ( 5  ~ v )  
Type 23 <X:gY+1 

a n d  t h e y  e a c h  d e q o t e  a c t i o n s  by t h e i r  r - e . ; p e r t i v e  a g e r ? t s ,  
B u t  t h e y  d i f f e r  i n  t h e  f o l l o f . ~ i n 3  wave Tyne 1 e u p r e s ; i n ~ s  
a r e  n a m i n g  p a r t i c u l a r  a c t i o q s  s i ich  a s  t h d q l i (  f 3 r j i u ' e ,  etc, 
w h e r e s s  t y p e  2 e x 9 r e s s i o n s  p h a . i r - i c t e r i ; c  r;hn ? ? t i o r ?  5:f t h e  
e f f e c t  i t  n a s  o n  o n e  o f  t h e  p ; i r t i r i p ; i n t R s  313ls, 59 ? % a t  
we h a v e ,  I n  n - i z f ec t ,  a r e  2 p a r t i d l  J e s c r i n t i o n s  o f  a s t i ~ ? s ,  
w i t h  e a c h  focu. ;s ina o n  a d i f f ? r e r i t  2 s ; e r t .  Or do :<re? 

A s  f a r  a s  a s y s t e ?  * ~ s l r i j  t h i i ;  n o t a t i ~ r i  i s  c o n c e r ? e J ,  
t h i s  r a i s e s  a n  i i n p o r t a n t  cjf_rssr_ictn aSocit  t 5 c  :ray i n  i.ihicc1 
wh ich  a c t i o n s  a r e  t o  be r e p r e i ; e n t e d ,  ?r>. !  t h l t  i s ,  s b t 2 r r l - f  
t y p e  1 and  t y p e  2 e x p r e s q i o ~ s  53 i i ? - I e r ~ t ~ ~ i  3s I l j i f f e r e ? t  
p a r t i a l  J e c ; c r i p t i o n s  of  c ? c t i o n r  qf t h e  5111ie k i ~ d $  ~r 
ska t t l - !  t h e r e  h e  a ?  e x ~ l i c i t  o n t o l o y i c t 7 1  J i s t i n c t i o n  
n e t w e e n  t h e  k i n d s  o f  a c t i o n  r e f e r r e  I tc, t )> i  t y , ) e  i -in i t y p e  
2 e ~ p r e ~ ~ i o n ~ ?  

To d d o p t  t h e  1 a t t e r  p o s i t i o n  i s  t o  s 3 y  t h 3 t  r 1 3 d ; o e ? i n j  
a b o u t  <.;ay) t h a n k i n g  is r ? s s + n t i ? l l ; /  se:13r;1hle from 
r e a s o r l i m y  a h q i i t  t h e  a c t i o n  i r i  d i r t i i e  of i i n i r h  tl\ic? t h ? ? ' : i n ?  
i s  made, t n a t  t h e  syc,ternBc; - i e s c r i p t i ~ > ~ r  of t52 COT- > r j t  
' t h a n k J  a r e  at t h e  level of t y p e  2 e,c,)rr?qsio;?.s,  3~ I' no  
d e e p e r ,  This v i e w  i s  a i l r o ~ +  c * r t ? i ? l ]  a 71 r , ~ s  
o v e s s i m p L i f i c a t i o n ,  brlt  1 t i i ? 1 i $ e  Li1n.t ; 3ri7 f e $ r r i / ~ t I n ? s  
may be w j e q r r a t e  for -1 c e r t l i i ~  ~ 1 1 ~ ~  7:' ~ ~ c i ~ l  ? r : t i - ) ~ ? ~ ,  
S h a n k i n q ,  a p a l o 7 i r ; i n ~  d t c ,  ~i>t;'"i l to i l 1 i i 5 t r C ~ t ~  t h i s  - j i i t e  
well, I f  t h e y  ;Ire, t h e l  I am i t  i i - ~ l n j  a n q L L ~ t i 3 n  



: ka t r i i  _s -in4 rlak :nf assti i l ;d, t i~?s li.,: 2 is: ccl3t r ic is ; ,  
biich 3 :b.= r t :asor?lng , & -  3 -  -1 1~ '1 e~3i-1 c a n  , la( -  te-1 
f rcrr "c"lis r?oi n t  of- : F ~ . l = T h r a  

, irobleri\ j s  wli-,h s o ~ ~ a l  - !c t :L, j?~:  t h 2 t  ~anr3r ) t  b~ 
1 f ; ' I  ?;<i 5 1 \ 1 j ' ~ I - ~ ? F ~ P ~ Q ( J '  f a r  
exap; ier 3 1 c a n n o t  coilce;ve of nTrj e v p i  : ~ i i o n  3 f  t h ?  
form 

< X  g lees t  Y> < Y 8  gX??9>  
which ~ u c c e s s f u l l y  r e f l e c t " ;  arlr i n t i ~ i  t i o n 5  ~ ~ r i l e q s  ? ? ?  
e x p r e s s e s  some th ing  i n  a d l i t i o n ,  t o  l e r e  a c h i e v i n j  o r  
d i s a c b i e v i n g  of X8s qon1, Z s s l n t i s l l y ,  i.ih-lt is r e q i J i r e j  i s  
i n f o r n a t i o n  a b o u t  i t s  c o n t z q t s ,  2nd t h i s  t a k e s  uq  4 7 y  

beyond any posc ; i5 l e  se r i l an t ics  f a r  t h e  - ; i .nple  1 9 t s t i o n  I 've 
b e e n  c o n s i d e r i n g ,  

Fhe f o r n e r  p a s i t i o r l  solves t h e  p r n b l e ~  b y  r e f u s i q - j  t o  
a d n i t  any d i f f e r e n c e  i n  t y p e  be tween  c Y : q % t >  7 ~ ~ 1  <Y:J???, ,  
t r 5 ; l t i n g  e 8 c h  8s ;3 d i f f r r e n t  4 i r l A  of n c s r t i a l  1 e s c r i : 7 t i r ) n c  
U n f o r t u n a t e l j  t h i s  pres11;)poscs d q.2nc.r i l  ~ e t  o f  :ixio-ns 
which i s  ? J e l r ~ , i t c :  io cope i t ~ i t i - ~  ,,Ii tL3e j i f l ' e r e n t  p j r t i r i l  
d e s c r i p t i - z n s  of  a c t i ~ n  i~!zic?l. r n i q f i t  9ri513* ~ i n j  I C ~ T  

c e r t a i n l y  n o t  i n  p o s i  t i o r )  trl In  t n i s ,  
Each  p o s i t i o r l  h a s  i t s  ? ~ 1 v r ? n t a  j e s ,  ; i l t t ~ o l i - ~ l ' ~  T i ~ e l  i e v ~  

t h q t  a t  t h i s  s t a q e ,  i t  i s  r q ~ r ~  i r l i i  t f r i l  t o  i r ~ , ? o s e  
( . ; i . s t i r l c t i o n ~  o n  d i f f e r c c l t  t y p e s  of s c t i o ?  i f  by  so e i o i n , ~  
we can p r o d f ~ c e  t i s e a b l  t! d e s c r i o t  is?s r,f t?gc3r l  o q e  ? r i c h  type?. 

I bcqan by 3 s k i r l q  \ $ h a t  I ? ? e  J s  u(3 I J ~  i ' ~ r ; t . a ~ t f  5 9 ~ i d l  
a c c  i o n s  , a n 1  h,??r~e propo5e-i  t i 1  a t  for -4 T r i  I 11 S I ~ ~ J S I ~ ~  o f  
t h z s e ,  ;j s i ~ n p l e  f o r r l u l a t i n n  : l - j c ; e i  i j ~  t i - i t ?  r m c f 2 r , t ~  of 7031 
o w r l e r ~ h i p ,  a c h i e v i n ~  , I j i I  s f  I -  I 
h a v e  enp loyad  a no t ; l t i r rn  t i l l i i ~ t r n t e  t h e  "xis of 
carlsis"cencies w i l i r h  i f  l e 1 i t  1 h 3 v c  <3lso 
t r i e c l  t o  s t r e s s  t h e  I i m i t e f  rise t o  whir" S I I ~ ' ?  2 notition 
c a n  he p u t  l * l i t ho i~ t  c 1 e 3 r i ; ~  ~ t r i t c 3 - l  ~7rrl;intil:  t h e o r y  t o  
g u i d e  2nd c o n s t r a i n ,  t h e  s i ~ ~ i f i c i n c e  t o  be a t t r j c h e i l  t?  i t e  
I t  i s  of t h e  rrtrnost i n p o r t < ~ q c e ,  t h e r s f o r e ,  to d e t e r ~ i q e  
d 8 s  o n t a l o ~ i c a l  corn~nitrnt.Q"r; sir? o r - j e r  t9 ',finif srrt j u s t  I - I O I ~ J  
u s e f u l  t n e  idea.; p r - . " s ~ n t e d  1i-1 t b i ~  p ? ; ~ e r  i d i l l  t r l r o  q l i t  t o  
be,  

IX. -irAckno&led\jements* 

E wnr_jilJ l i k e  to tha?l< rony Cnhn, { i k e  3 r a . i ~ ~  rind 
e spec  i a  3 . 1 ~  P a t  t i a y e s  f o r  t h e i r  h c i p f i r l .  conme?ts ,  
C ~ I L I C I S T I I S  an,l s i i 7 7 e s t i o n s .  
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A CONVERSATIONAL SYSTEM \$HICK UNDERSTANDS SHORT STORIES 

G e  SABAX, Groupe de Recherche 22 du CNRS 
4, Place Jussieu 75230 Paris France 

ABSTRACT 

We present a conversa~ional system which can learn short stories in a 
natural language and perform some reasoning about them, 
In our model, a sentence is represented by a purely semantic case stru- 
cture ("deep structure") with embedding properties. 
The vocabulary is a tree of word representative elements, each of which 
having its sense precised by some semantic features (pointers to other 
words), To understand a sentence within a given story, we reduce the 
information it carries, This reduction gives way to the application of 
a few rules for character behaviour, whose aim is to connect the sen- 
~ence to another n n p  by establishing some causal relationship between 
desires and actions. The system can then answer "rv.hyW questions and 
questions about some facts not explicitly described in the story. 
The natural language used is French, the program is written in SI:fULA 

L - INTRODUCTION 
The system here described is designed to converse with people in a na- 
tural Language (French), It carries out a kind of understanding which 
relies upon knowledge of level intermediate between purely semantic 
and pragmatic. Short "'children'btories are told to the system, Then 
we ask questions about these stories in order to test what has been 
"understood" by the system. 
Our three basic ideas are: 
1 / -  The "deep structure" of a sentence is a relational structure we build 
on the model of case-grammars (FILLMON C5 1 CHAFE r31 , CELCE-MIIRCIP, r21) ,  
In this model, a sentence is viewed as a set cf noun phrases, each of 
them being related to the verb by a particular connexion which expres- 
ses the semantic relation it has to this verb. 
In order to deal with some syntactic facts, like active/passive forms, 
this structure is merged with another one, representing each sentence 
as a predicate applied to a topic (one privilegied NP), 
2/- In order to memorize the set of infom~ations we call vocabulary, 
we drew our inspiration from the psychologists recent thoughts about 
the organisation of human memory: specially the notion of semantic 
feature (OSGOOD ' 7 7  "aatms of senset"). A word is connected to a finite 
set of such features, each one of them defining a particular aspect, 
or "use", of its sense, The representation we chosed for these featu- 
res is riot too memory-consuming (presently 300 concepts in a 5K stora- 
ge> and it is compatible with a learning of new concepts or new rela- 
tions of the vocabulary, 
31- Rules for character behaviour are used to establish a causal order 
among desires and actions met in the story, Our aim was to achieve real 
comprehension of each sentence oE a given story, which means unders- 
tanding of its relations with the contest. We consider that correct 
understanding is reached when the program has inferred the causal rela- 
tionship for the sentence. Our "rules for behaviour" are derived from 
common sense, introspection and elementary freudian results. 
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li - ' IHE STRLCI  I'IX (OF '1 S'TORY 

11, I ,- Ctl: i rncters  
! i l len \\'L! & i r e  t k ) l c ?  n s t o r y ,  t i l e  namv and l e v e l  o f  tiei'irii t i o n  of :I coric.cpt 
a r e  nijt enoi~gii  t ( 3  d e t e r m i n e  who or what a noiin phrascl means: wc, wish 
t o  ~ : ! ~ i l r ; ~ '  a d i s  t i n c t i  on 1lc.tweer.i two i l i f  f e r e n t  o b j e c t s  i d e n t i c a l  l y narnc>d, 
i3r ti> r e c o g n i z e  s i n g l i '  (>ne  i i n d e r  v a r i o u s  a p p e l l a t i o n s ,  So w e  need a  
new i i ! c r - r t i f i e r  f o r  ~ I I C  c o i ~ c e p t  o r  p r o p e r  name o f  an  a b j e c t  hc,ing a 
p a r - c i c u l a r  i7ci.uri.rli.i. of 3 n ~ o r e  gci~it i-nl  c l a s s ,  11 :Z!cti*.l{*t,cr i s  tkien 
d e f i n e d  hy  h i s  !lame, i . e .  t h e  c l a s s  i t  b e l o n g s  .to, 2 n d  h i s  p a r t i c u l a r  
c h a r a c t e r i s t i z s ,  i . e ,  i n fo r rna t i i>ns  a l l o w i n g  11s t o  d i s t i n g u i s h  i t  from 
o t h e r s  r c p r e s t . n t a n t s  o f  t h e  same c! a s s .  

IT,',- Tiic XbregGs 
tiaviiig i d e n t i f i e d  characters, o u r  s t r u c t u r e  now h a s  t o  e x p r e s s  connec- 
t i o n s  beticeen the s e n t e n c e s  c o n c e r n i n g  them, To do s o  tfie program ope- 
r a t e s  3 221 t a l l 1  r e J u c t ; o n  o f  t h e  i n f o r m a t i o n  e a c h  s e n t e n c e  c o n t a r n s :  
i t  c r t 3 t e s  one  o r  more "Ahreg6sU which a r e  meant to d e s c r i b e  t h e  funda- 
men ta l  r e l a t i o c s  be tween c h a r a c t e r s ,  T h i s  a g r e e s  w i t h  GREIMP,S 161 who 
exhibits, ~ c h e n  b u i l d l n g  models  f o r  s e n s e ,  tl ie two p h a s e s  he c a l l s  r educ -  
t i o n  and s t r u c t u r a t l o n ,  
ice have chosen  f i v e  b r n d s  o f  "Abr6gGs": - - - - ;" ,'Z - .,L - 3 - - j - ' $ .  Tcrcey' 'n, Ft  ;Tens 
The o r d e r  r n  which t h e  c h a r a c t e r s  a p p e a r  i n  a n  abrGgG depends  on t h e  
r ~ l e  tne: ? l a y  i n  t h e  s i t u a t i o n  d e s c r i b e d .  

L e t  us g i v e  some examples of  t r a n s l a t i o n  i n t o  "abr6gGs": 
t p - .  * - 

-b *.c, - .-: - s t:xi:SI?:" ?' 
L a, iQesireq i-22, *eSh:g, 

( t h e  s t a r  i n d i c a t e s  t h a t  e d i b l e  i s  a  s e m a n t i c  f e a t u r e , n o t  a  c h a r a c t e r )  
l i _ ' . "  +-__ ~ % _ . . _  _ , a  - - * 
. '.s s -, ..,-"- ,2 tJ;z ;: s m s "  + (cgs~re; fox, fishes) 

Pf.. -,. - 2-  . -,,, 
..fe-, .;s 5:g Z C J L ' C ~  zc : e t  ;c ?is zheese" f 

(*rn?ent<~i.;; Fox, i.aljEu, ehsr=s; ,; 
( t h e  f i r s t  c h a r a c t e r ( f o s ) w a n t s  t o  modify  a  r e l a t i o n  be tween t h e  second 
and t h e  t h i r a  ones  ( r a v e n  and c h e e s e ) )  

A s e n t e n c e  can elso g e n e r a t e  mcre t h a n  one  "abrGgGW: 



"The fox sees a raven lljho i s  holding a clzeesen -+ 
(Perception; fox, raven.) and (re lat ion;  rauen, cheese) 

To create an "abri5gGW from the deep structure of the sentence, we 
examine the semantic features of the verb, which gives us the kind of 
'kbr6gGW, and then, according to this result and to the semantic rela- 
tions expressed(or nat)in the deep structure, we find out which charac- 
ters are involved, 

11-3.-The character behaviour rules 
Seven behaviour rules are a priori given to the program;each of them - 

consists in two members, the left one being a possible cause of the 
right one,Their elaboration involved a mainly intuitive process now 
under study,These rules are: 
(naming x,y,z,,,character variables,() a semantic feature variable) 

(Desire; 2, &I 
2 ,  -> jPereepz;icn; x, y, & )  

(Desire; x, y! 

3.. (Desire; LC, y l  -t ( In tent ion;  z, x, y j  

iDesfreg z, y l  4 * -f (Re %ation; z, y ( In tent ion;  x, z, y l  

5, /Interztion; x, y, x,) -> (Action; x, y j  

6 ,  ( In tent ion;  x, y, zl + (Action; x, zl 

7 .  (kc t ion;  z, y! + ( In tent ion;  y, y, zl 

The first and ihe fourth, for instance, may be paraphrased as below: 
1:iE a character x wants something with the quality - Q and if he perceives 
y with this quaiity , x may desire y. 

2:if a character x wantcan object y %d if a character z is related to 
this cbject, - x may intend to act upon the relation betGeen - z and 1. 

11,4,-Building causal relationships 
These rules being given, we want the system tofind an explanation for - - 
the new "abr6gGs" that appear as the story runs,By explanation of an 
abr6gG Ao, we mean an abrGgi5 A l  already met in the story, and a construc- 
tion such that 

Al A2 @ e m  R, being a behaviour rule 

For instance, from the sentence: 
(1) " A  hungi-y foz sees a raven i9ho i s  holding a cheesef" 

the program derives: (Desire; fix3 *edib le )  (a S 
(Perception; foz,  ~ a u e n j  (bj 
(-Pe~ation; raven, e h ~ e s e i  ( c )  

Then if we say: "The fox  speaks %o the raven" , the "abrGgGPs: 
( A c t i o ? ~ ;  fcz, raven) i d )  has to get explained, being an action. 

Rule 5 shows that it may be caused by: (_i"nl;eriticn; fox, raven, ,rl iej 



which i n  h i s  ctrril, fu l lowing  r u l e  4 , may i s s u e  from: 

(Desire; fox, xi if) and lReZation; raven, xj (g) 

And now, we a r e  l e a 2  t o  r e p l a c e  x by cheese  s o  t h a t  (g) i d e n t i f i e s  w i t h  ( c j  
and ( f )  comes from ( a )  by r u l e  ],as cheese  h a s  t h e  f e a t u r e  e d i b l e ,  
We c a n s i d e r  t h a t  t h e  s e e o t ~ d  s e n t e n c e  i s  e x p l a i n e d  by t h e  c o n j u ~ c t i o n  of 
s e n t e n c e  ( 1 )  , r u l e  I , r u l e  4 and r u l e  5 ,  

That  c o n s t r u c t i o n  might resemble  t o  a frame ( c f  ABELSON(I),CWRTJIM(~) 
SCHBNK(9)) "speaking t o  s%9mcbi;dy who i s  h o l d i n g  something we wish t o  haveii  
b u t ,  h e r e ,  i t  xas  s p e c t a l l y  c o n s t r u c t e d  f o r  t h e  g i v e n  s i t u a t i o n .  

R e c a p i t u l a t i o n  of t h e  d i f f e r e n t  s t e p s  of t h e  unders tand ing  p r o c e s s :  

- I d e n t i f y  t h e  " a b r 6 g e ' h o  be  e x p l a i n e d  w i t h  t h e  r i g h t  member of a  r u l e  
i , e ? c o n s i d e r  t h e  c h a r a c t e r s  of t h e  abrGg6 a s  v a l u e s  f o r  t h e  v a r i a b l e s .  

- 6 e n e r z t e  t h e  cor responding  l e f t  member ( i n f e r e n c e  of an  a b r e g c ) .  
-Search among t h e  abrgggs  a l r e a d y  unders tood:  

. i f  t h e  i n f e r r e d  one i s  found,  t h e  p r o c e s s  t e r m i n a t e s  and t h e  sequence 
of causes  i s  s t o r e d ,  

. i f  n o t  we r e p e a t  t h e  p r o c e s s  w i t h  t h e  d i f f e r e n t  r u l e s ,  and i f  i t  s t i l l  
f a i l s ,  we t r y  t o  unders tand  each of t h e  i n f e r r e d  abr6gGs by t h e  same 
o p e r a t i o n s ,  so  b u i l d i n g  a  t r e e  of p o s s i b l e  c a u s e s ,  which by c o n s t r u c t i o n  
i s  f i n i t e .  

P r o c e s s i n g  of a s t o r y  i s  given below i n  f o m  of q u e s ~ i o n - a n s w e r i n g  
by t h e  program, 

Proyrcm:I !rn liszenir,n 
Ib:kufi: Listen to 3 story 
P:nme cf the story? 
M: the ea? and the m i c ~  
P: I 'm i {stening 
A!:% hur~g~y eat cornes into a house . 

the mice of the house then go and hide . 
the cat gces &to the attic . 
he gses dow2 ixtc the cellar . 
he d c z z  :i:ot see  any mice 
he gzts hidden . 
the mice who do M G ~  see the cat arzy longer go ozit gf their hole 
tizerz the cat catches them . 

M:zcjhnr-.e C;.OGS f?% eat gc ? 
P:into a house 

into the attic 
into ttTze cellar 

M:z;"sa"i d ~ e s  the est want ? 
P: $he cat ~ ; a r ~ t s  tc eat the mice 
.'.;:why does the cat gc i ~ t o  tiZe 5:rtic , 
.:becai~se he -,taitt~ tc create a relaticn betl~leen him and the nice 
I'.l:39hy d o ~ s  the cat get hidden ? 
Phbecause he wants the  ice to go cut oY their hole 
lil:l;hg tic; the n~iee go and hide ? 
P:because they 20~'t ua77.t the eat to c u t  &Pier! 



The aim of our work is to develop an automatic process of comprehension 
and precisely totest what could be "understanding" for a machine 
Our program is to said to understand a fact when it can exhibit a cause 
for this fact or a reason why it happens whithin a given story . This 
is already sufficient to get non-trivial answers as shown by the results, 

Some improvements can be made in the program . The most important one 
should be to provide the system with as many "comprehension structures" 
as there are conscious characters in the story . This would allow us to 
deal whith inequal knowledge situations , such as lies or misunderstan- 
ding, 
For future research , we suggest comparison between presently used 

"methods of understanding" , in view of developing parallel systems 
which could obtain a lifelike comprehension . 
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WFAT STRUCTURE DOES A LISP PROGRAM HAVE - 
BESIDES BEING A SET OF PROCEDL%ES? 

E r i k  Sandewal l  
Tnformat ics  Labora to ry  

LinkBping U n i v e r s i t y  
LirzkEring ,Sweden 

A b s t r a c t :  The h i e r a r c h i c a l  s t r u c t u r e  o f  a l g o l - l i k e  l anguages  i s  w e l i  
kno-m. I n  p r o c e d u r e - o r i e n t e d  l anguages  such a s  APL o r  LISP, a  program 
e o n s i s t s  o f  a l a r g e  number o f  p r o c e d u r e s ,  each o f  which i s  u s u a l l y  
s m a l l  i n  s i z e ,  For l a r g e  p r o g r m s ,  c o n s i s t i n g  o f  hundreds  o f  proce-  
i u r e s ,  it i s  n e c e s s a r y  t o  have some highe-r-- level  s t , r u c t l i r e  t o  f i rganizp 
:he p r c e e d u r e s ,  Tne p r e s e n t  p a p e r  d e s c r i b e s  such a  h i g h e r - l e v e l  s t r 1 . l ~ -  
-. ' i u re ,  pr3gram.ver'  s-assistant-t::pe program which sc .ppor ts  t h e  model 
n a s  been implemented,  and t h e  e x p e r i e n c e  i n  -sing t h i s  program g i v e s  
some s i ippor t  kcr t h e  model. 

Cavea t :  Because cf t h e  space  l . im<tat ions  at  t h i s  c o n f e r e n c e ,  t,he 
"ol lo>i ing I F  a  condensed - .-ersion o f  t h e  papel., The f - u l i  paper  5.. 
a v a i l a b l e  a s  2 d e p a r t m e n t a l  r e p o r 3 w i t h  t h e  same t i t i e .  I n t r o d u c -  
tory m a t e r i a l  inecessarZr  f 3 r  r e a d e r s  ;,~k~o a r e  riot a c t , i v e  u s e r s  of  
i n c r e m e n t e l  p r o g r a r m i n  ~ ) ~ s t e r n s  suck aa,s LISP s y s t e m s ;  a s  w e l l  a s  a 
; I e s c r < p t i o n  o f  t h e  working sys tem and a  conpar i son  w i t h  curr -ent  

7 program rLc;elc,  '?as b e e r  I e f s  out j.n t h e  p r e s e n t  v e r s i o n .  

E ; a c k g r o u . n ~ n c i  purpose  o f  %rGs work 
- . . 
dark on program s t r u . c t u r e  i s  xsuall;- p r e s c r i p t i v e  : i: s p e : ~ f l c s  2 >TIJC- ------------- 
t u r e s  t h a t  i t s  a u t h o r  f e e l s  shou ld  be x e d  f o r  o r g a n i z i n g  programs. - - 

The p r e s e n t  work i s  i n s t e a d  & g e y i ~ ; ~ e ~  it a t t e m p t s  t o  i d e : ~ t i f y  s t r a c -  
t a r e s  t b a t  a c t u a l l y  e x i s t  ir) crogr-ms ? t a t  2 e o p l e  w r i t e .  It i s  <here -  . - 
Core hoped t h a t  t k?  pape- m L i  g i v e  t h e  r e a d e r  a  f e e l i n g  o f  d$j>-vu: 
, e s ,  I w r i t e  m:{ programs  hat wayw. S n r p r i s e  Ls n o t  an  i n t e n d <  d pur-  

s o s e  of t h e  p r e s e r t  p a ? e r ,  

The work o f  t h e  pager  i s  based  on t h e  L I S P  Language 2nd p rogra .ming  
sys tem,  a c d  would o n l y  be ( n r a c t i c a l l y )  p c s s i b l e  i n  an lnc ren len te i  
sys tem szch a s  a L,ISF sys tem,  LISP systems ST>-re programs iiz t h e i r  
d a t a  b a s e ,  and sl:<pport ac e a s i l y  e x t e n s i b l e  ' i a t a  b a s e .  T h i s  eneolirages 
t h e  u s e r  t o  a i ~ g n e ~ t  t h e  d a t a  b a s e  -~ith a d d i t i o n a l  i n f o r m a t i o n  t n a t  
make t h e  s t r u c t u r e  c f  t h e  program e x p l i c i t ,  and t o  l e t  t h i s  s t ruc - iu re  
g ~ o w  snci irripro-i~e gramiuelly + I n  c o i ; v ~ n t i . o n a i  programming lamguages , 
n r o g r ~ m -  s i - r u c t v r e  i s  froze!-! i n t , o  t h e  iang:~.a.ge, 

The basij: Frogr-: :;ti-uc+---,-e u u L  of 5132 systems ( ~ : ~ i l t  i r L t c  tkAe ba . s i c  
sys tem)  <S t h a t  a. Frogram i s  a s e t  o f  p ~ o c e ? ~ u . r e s ,  t o g e t h e r  w i t h  i n i -  
- 5 i a l  v a l u e s  f o r    he d a t a  b a s e ,  3n a  s y n t a c t i c  l e v e l ,  t h i s  i m p l i e s  a 

~ - 

SlKlpin ~ r o ~ e d u r e - c a l l  s t ~ l i c t ~ ~ ~ e  GI? 8 s e t  o f  ;;-5-oced.lres, x i z h  arrows 
.~ - * :con c a l l e r  to oca . l l ees ,  

-_._a- ,_ ,.[ fen?  ; L3I' ; y  s  t e n s  ~~1.c:; a s  iriTEi<jiLISP i~ ' ) ci3icL.tain t-ols f o r  prog-+lm 
. . 

m i l - L t e r e n c e  wn-c'c s:.:paort ... - t h e  p r o c e a u r e - c a l l  s t ~ u c t u r e  a s  w e l l  a s  a 
groljping atl.l;ci;ltre where a s e t  o f  ? - e l a t e d  proeeduu'es & r e  e e l - i e c t e d  

~ . .  < n t o  a f i l e  T'r~ese ~ o o l s  a.r.c !lclpr'::l ir!l;t s t l j L -  nsuff 'lc<-.rl-t,  f o r  de- 
.. ~ 

. -- 
ic I n -L. ---  ~ ~ r i g  2.r-i mar aging lhx-cc p:rcogran~ . 



I n  some p r e v i o u s  work ( 2 - 3 )  I have s u g g e s t e d  t h e  J s e  o f  d a t a - d r i v e n  
o r o c e d u r e s ,  o r g a n i z e d  by a  d a t a  base  management sys tem which o p e r a t e 5  
~n a d a t a  b a s e  w i t h  embedded p r a g r a r  f r a g m e n t s ,  as a u s e f u l  s t r u c -  
'ur ing p r i n c i p l e ,  T h i s  h a s  sometimes been u s e f u l  b u t  ( l i k e  a l l  p r e -  
s c r i b e d  mode l s )  sometimes i t  does  n o t  h e l p  much f o r  s t r u c t u r i n g  t h e  
a p p l i c a t i o n .  

Thus we f o r m u l a t e d  t h e  q u e s t i o n :  i n  an  a v e r a g e  LISP program w i t h  a 
I c t  or" pracedxirec, bu t  no d e c l a r a t i v e  framework, which s t r u c t u r e s  can 
5 e  i d e n t i f i e d  on an a p o s t e r i o r i  b a s l s .  The q u e s t i o n  was a d d r e s s e d  
by s tud-ying e x i s t i n g  programs i n  ol;r g roup ,  and by d e v e l o p i n g  a 
sys tem which suppor ted  t h e  program model - arld whicb i t s e l f  was adequa- 
t e l y  d e s c r i b e d  by t h e  model. 

C(  he model 
A progra.n is a s e t  o f  prc?cedures ,  These p r c l e d u r e s  a r e  f i r s t  grouped 

, ~ . . on Three  l e v e l s  : opere.:ive p rozedures  , a u x i l ~ s r 2 -  3roced-ures and e l e -  
mentary  ; roce3ures .  

O p e r a i l v e  p r o c e u - ~ r e s  a r e  i n t e n d e d  "c be c a l l e d  by ~ , n e  u s e r  d u r i n g  h i s  
i n t e r a c % i a n  wl tk  t h e  program. They can be  ~ ~ i e - ~ ~ e d  5s  comma,nds t o  t h e  

- .  program, and a r e  most n a t , ~ , a l l j r  -.in~ic-rstoo-, nj- t l , ?  - p l - c i g r m e r  in prob- 
lerc c - ? ~ - ? r e %  - s rms ,  I.?, + h e  o~- . . r ? r io r ,  t,?.~:; t~ci r?o?~rn~ Fro-ediures f o r  
Igadlrlg 3a+a -".om e x t e r n a i  f i l e s ,  e d i t i n g ,  a,nd f o r  p r i n t o u t  o f  
s p e c i : ? i ~ ? ~  s-:tion. o f  --he d a t a  basn a r e  Ly? ica l  e x ~ r c p l s s  o f  suck 
p roce ; i ;~ res ,  

- 7 c,.err,en-t a?:,. p roeedxres  a r e  p r o c e d u ~ e s  whicil ser- ice s p e c i f i c  d a t a  
a t r u e - l ~ ~ r e s ,  o r  c o n s t r u c t s  i n  t h e  d a t a  b a s e ,  'They a r e  t y p i c a l l y  t h e  
r e s u l t  c f  a o o t ~ o a - u p  d e s i g n  where a d a t a  s z r u c t u r e  h a s  been d e f i n e d  
-, ~ z r r s t  , enm$ p r c c e d u r e s  t o  sel-v<_ce Is l r i s e  2s ~ o r o 1 1 a . r i e s  * I.h;34; c o r r e -  
s ~ o n d  i n  some weys Lo r_he proce&ul-es a s s o c i a t e d  w i t h  d a t a  t y p e s  i n  

7 . -  mL-'LU (4 ! ,  ~ ; ~ s ~ c e ~ l ; f  t h e  programmer unders tands  them ir: a txo-dimen- 
s i o c a l  x,;eb- a s  a cersail-: o p e r a t i o n  on 2 certain d a t e  t ype ;  more d i -  

~ - -  mensions v i i i  be s ~ l g g e s t e d .  5 e l ~ w .  

-4 iu ; i l i a r ;~  p r o c e d u r e s  are i n t e r m e d i a t e  between t h e  o t h e r  two g roups :  
t h e y  are unrjerstooc5 by t h e  programi!ler b y  T~i-mt. +.he &, rather. t h a n  
I,Y!~.L da ta .  structi:.re the;; s u p p o r t ,  b u t  t h e  opera , t ion i s  i n t e r n a l  t o  
t;le sys tem and can.not be u u d c ~ s t o o d  i n  probl-em-oriented t e r m s .  
.-.:uxilisry p r o c e c i , ~ r e s  heve been l e s s  common t h a x  t h e  o t h e r  two k i n d s  
i n  t l ? ~  exa.rnplsa I ba.i-e ioolred a t .  

rn ~ lhrs 5-mensior; I n  t h e  s 5 r u c t u r i n g  of  t h e  yrograrn w i l l  be  r e f e r r e d  t c  
3s  %iie -cilree l - ? ~ - e i s  c f  +he Frogyax.  I n s i d e  each l e v e l ,  procedu.res 
a r e  grouped t o g e t h e r  i n t o  f a m i l i e s  o f  r e l a t e r ?  p r o c e d u r e s ,  The mem- 
b e r s  cf the f a r ~ i l j -  have d i f s r e n t  roLess,  ~v-hich keep t h e  f a m i l y  t o -  
g e - ~ k e r - ,  The r o l e s  h o v e  b e e r  a r r i v e 3  a t  e m g i ~ l c a l i y  and a r e  as fol lows:  

- c ,kc: 3ea.d ox- r;lai:r: ; ,~-cc?di-re is t h e  one wh?c_:! aoes  t h e  major j o b ,  

and which i s  l o c a t e d  a: t 3 e  t o p  o r  c l c s e  to t h e  top in t h e  pro- 
. . 

c ~ $ 7 - . - -  ,,~a e - c a l l  I I I - T ~ . ~ c ~ ' ~ Y  OC t h e  %,nrily. Tlhe riame o f  t h e  head proce-  
d-1:-e bc-orne: r - fa?-,iL;:, r,mle. 



- c r p p a  p rocedures :  o f t e n  it i s  n o t  conven ien t  f o r  t h e  J s e r  t o  
c a l l  t h e  head p rocedure  o f  an o p e r a t i v e  p rocedure  fami ly  d i r e c t l g  
e . g ,  from t n e  t e r m i n a l ,  and t h e r e  may t h e n  be  R s m a l l  p rocedure  
which i s  ca l - led  by t h e  u s e r  and which c a l l s  t h e  h e a d -  The capping 
p r o c e d a r e  may e . g .  s e t  z p  t h e  r i g h t  environment f o r  t h e  nead,  o r  
a l l o w  a more conven ien t  and f l e x i b l e  a rg -ment  s t r u c t u r e .  

For example, i n  t h e  JNTZRLISP system i t s e l f ,  e d i t 1  i s  t h e  head o f  
t h e  e d i t o r ,  and e d i t e  i s  a  capping p rocedure .  

- s e r v a n t  p rocedures  a r e  t h e  ones c a l l e d  b;y t h e  head a s  i t s  imme- 
d i a t e  a u x i l i a r i ~ e s ,  Unl ike  t h e  l e v e l  o f  a - a i l i a r y  procei*res which 
was d e s c r i k e d  above,  s e r v a n t  p rocedures  a r e  n o t  unders tood  by t h e  
programmer i n  terms of a s e p a r a t e  purpose ;  t h e y  must always be 
lx iders tood t o g e t h e r  w i t h  t h e i r  head ,  Otherwise  s p e a k i n s  t h e  pro-  
zedu-re c a l l  from t h e  head t c  t h e  s e r v a n t  i s  a c o n t r o l  s t r u c t u r e  
ve ry  s i m i l a r  t o  a,n i t e r a t i v e  s t a t e m e n t  i n s i d e  t h e  h e a d , ( a n d  o f t e n  
s e r v e s  t h e  same p u r p o s e ) .  Local v a r i a b l e s  i n  t h e  head a r e  ve ry  
o f t e n  used by t h e  s e r v a n t s  a s  w e l l .  There mag of  course  be  se -  

- in , ;d i f ied  p rocedures  have been formed from a n o t n e r  Eaniily member 
by a  s m a l l  7,-ariatfor,,  ?c;r exarfipie t o  perform some .~-xtr-a s i d e -  
ef 'fec-t o r  ta.ke some s p e c i a l  e a s e  irlzo a c c o ~ ~ , n t ,  

I n  this f a s h i o n ,  we & i s t l n g u i s h  f a m i l i e s  o f  procediires on a l l  t h r e e  
l e v e l s ,  Mos-t ? m i l i e s  h & ~ ~ e  a few members many have j u s t  orie , and 
sane have haL? more t h a r  t e n  i n  t h e  exmlples  I have looked a t .  

On ",e operations?, and elementar;- l e v e l s ,  sihizh i s  where most proce-  
dures  go ,  f a m i l i e s  a r e  grouped i n  t h e  f o l l o w i n g  ways: 

On t h e  o g e r a t i o n a l  l e v e l ,  t h e  model uses  z network o f  d a t a  ----------- s t a t e s  
which a r e  re l -a ted  by o p e r a t i o n s ,  Th i s  cou ld  be c a l l e d  a da,ta-flow ----------- 
model o r  in fo rmat ion  precedence model oi' t h e  t o p  l e v e l  o f  t h e  pro- 
gram, 

- 
Xach o f  t h e  ope-~eatioris may be implemented by o r ~ e  o r  more proced-ure 
f m i l i e s  on t h e  o p e r a t i c n a l  l e v e l .  On t h e  e lementa ry  l e v e l ,  we ob- 
t a , i n  s+wucture  by u s i n g  i n s t e a d  hit-ra~cinies o f  d a t a  t y p e s  and. a c c e s s  
methods,  each o f  -iqhich is a s s o c i a t e d  w i t h  one o r  m.ore proeed.ure 
f a m i l i e s  tha - t  s .~ppor" i  it, I n  a sncond, ';rthogone!. d imension,  each 
Ci _mil!: i s  a s s o c i a t e d  w i t h  an  opera t io r ,  ,hcser! among t h e  f o l l o w i n g :  

- 
k',z!r a tccess methods ( a d d i o n a l  e x p l a i s t i q n s  i n  t t z  f - ~ ~ . ?  1 paper  ; : 



o p e r a t i z n  e x a m ~ l e  among s t a n d a r d  INTERLISP f u n c t i o n s  - ..................... ------- .................................... 
s t o r e  p u t p r o p ,  p u t d  
r e t r i e v e  g e t p r o p ,  g e t  d  
d e l e t e  remprop 
modi fy addprop,  a d - ~ i  s e  
print l o a d a b l e  p r i n t f n s  

F c r  rnanipulas ion o f  t y p e s ,  i . e ,  c o m ~ c i s i t e  express ion .  ( l i s t s ,  
a s s o c i a t i o n - l i s t s ,  forms,  t h e  s t r l i c t u r e s  which appear  a s  v a l u e s  t o  
INTEFLiSPfs fileCOMS, e t c ,  ) a four-d. imensional  c l a s s i f i c a t i o n  i s  
g o s s i b l e  based  on 

a; -the data.  5yye a t  hand 
' 3 )  t-rie operatflon on ' the ins f , ance  o f  t h a t  da,ta t y p e  
c )  v h e t h e r  t h e  o p e r a t i o n  i s  a d d r e s s e d  by c o n t e n t  o r  by p o s i t i o n  
2 )  whether  t h e  o g e r a t i o n  ~ s e s  s i d e - e f f e c t s  o r  riot 

T- _ne Eo~Llowng t a b l e  g i v e s  t h e  major  o p e ~ a t i o n s  plus e x m p 1 . e ~  o f  

s t a n d a r d  LISP C-unctiora f o r  t h e  f o ; x  ~ o s s i b l e  c o m ' ~ i n a t i o n s  or" t h e  
,. - la>'- t \ ic  dimensi; lns:  

combine 

e x t  ra.ct ,' 
d e l e t e  

I :. -<erenee  3~ p o s i t i o n  
1" 

c a r  
c "1- 

l-e-v-erse 
f l a t t e n  

r -p laca  - 

d r e v e r s e  

r e f e r e n c e  9y c o n t e n t  

union 

s u b s t  / d s u b s t  

s o r t  

7jius t h e  foll-o.~*ring o p e r a t i o n s  f o r  which The f o u r  columns do no t  apply:  

- example - 
I i e n g t  h 

c l a s s i f y  a t  om 
-typeof 

f i x  
unpack 

yead 
ra ' t  om 

print 



Notice tha2 the LISP functions in the tables are given as examples 
only, A classification of existing LISP functions is in itself nci 
such a useful exercise; our point is that the categories in the 
tables have been useful for struct- ring collections of procedures 
in application programs, 

Ir, summary, the model organizes a set of proced~~res as follows: 

1 )  d'stinguish the three levels of operational, e~xiliary, and eleaen- 
tary procedures 

2 )  distinguish several operations on the top level and a range of 
access methods and Ciata types on the lowest ie-*el, ( ~ l l  programmer 
defined) 

:' distinguish severa.1 operations 2n ea$:h data ty2e a.nd access method, 
'ogether with the four combinations of binary choices for some 
the operations 

i' distinguish families of prccedures, associated with top-level opera- 
%ions, with data-typeloperation combinations on the lowest level, 
or just locsted on the middle level 

5) each procedi~re family qay consist of several procedures which play 
various roles,  he range of roles is semi-fixed). 

C?iscussion 
The model proFosed here has some featxces ic common with 2rogrmi 
structures used in conventional languages, but there are also signi- 
Cicant differences. This is discussed in nore detail i.n the full 
paper, 

r lhe evidence for the model, besides cormon-sense reasons and a syn- 
thesis of previous experience, j-s that it was able to accomodate one 
non-trivial program ("120 functions) i.n a natural way, Program 
listings organized according $0 the model by ar: implemented support 
system, were estimated to he significantly superior to conventional 
1-isti-ngs . 

r. -fie major 1-imitations of the model are that global data base assign- 
~r~ents (including global variables) and contributions to handles pro- 
~ ~ i d e d  Dy the surrounding system, are not modelled, 
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REPRESENTING A C T I O N S  BY STATE LOGIC 

C a m i l l a  B e  Schwind 
T e c h n i s c h e  U n i v e r s i t Y t  ?.fBnchen 

I n s t i t u t  f t i r  I n f o r m a t i k  
8 YGnc%en 2 ,  P o s t f a c h  2 0 2 4 2 0 ,  FRG 

A b s t r a c t  

The f o l l o w i n g  p a p e r  p r e s e n t s  a f o r m a l  c a l c u l u s  i n t e r p r e t e d  by 

K r i p k e - t y p e  s e a a n t i c s  f o r  t h e  d e s c r i p t i o n  o f  t h e  a c t i o n s  of an  

i n t e l l i g e n t  s y s t e m ,  The f r a n e  p r o b l m ~  i s  reduced t o  t h e  l o g i c a l  

p roblem o f  p r o v i n g  c o n s i s t e n c y ,  

The l a n g u a g e  of Z ,  L ( Z ) ,  i s  an e x t e n s i o n  of c l a s s i c a l  p r e d i c a t e  

Logic  5y t h e  s t a t e  o p e r a t o r s  +, - ( a l l  i m n e d i a t e l y  f o l l o w i n g  and 

p r e c e d i n g  s t a t e s )  and 2 ,  % ( a l l  f o l l o w i n g  and  p r e c e d i n g  s t a t e s )  

and t h e  modal o p e r a t o r  3. T e r n s  and f o r m u l a e  are d e f i n e d  a s  usu- 
- 

al; and i f  A i s  a  f o r m u l a  t h e n  +A, - A f  F A ,  P A ,  and - 7% i s .  A 

X r i p k e - S t r u c t u r e  K f o r  Z i s  g i v e n  by a  s e t  of c l a s s i c a l  s t r u c -  

t u r e s  <I< : s-S , where S f @  i s  t h e  set of  t h e  s t a t e s  of  K, toceth- 
S - 

e r  w i t h  a S i n a r y  r e l a t i o n  3 o n  S, The t r a n s i t i v e  an<? r e f l e x i v e  
0 K 

clos- re of Ro is d e n o t e 2  by R. A t r u t h  f u n c t i o n  T a s s i g n s  t o  ev- 

e r y  f o r n u l a  A and e v e r y  s t a t e  s c S  a  t r u t h  v a l u e  t o r  f d e p e n z e n t -  

l y  or 1: The s t a t e  and modal o p e r a t o r s  a r e  i n t e r p r e t e d  by n e a n s  s * 

of t h e  Kr igke  r e l a t i o n s  3 an? 7 a s  f o l l o w s :  o  ,K ( + ~ , s \ = t  i f f  y K ( ~ , s ' ) = t  f o r  e v e r y  s t  s u c 5  t h a t  s 9 S '  o 
K K T ( - ~ , s ) = t  i f f  T ( ~ ~ s ~ 9 - t  f o r  e v e r y  s '  s u c h  t h a t  s f  R o s  
7 r  ,K ~ ~ ( ? ~ , s \ i = t  iff ( A f ~ V ) = t  f o r  e v e r y  s f  s u c h  t h a t  s R, s '  

T " ( P A , S ) = ~  i f f  T " ( A , S " = = ~  f o r  e v e r y  s t  ssch t h a t  s" 5 

Xe d e f i n e  t h e  a d d i t i o n a l  o p e r a t o r s :  
z AC---p-!-= - A  

?A t----- - + -  a 

Be have proven the c o m p l e t e n e s s  of  the f o l l o w i n g  l o g i c a l  axioms 

a ~ d  inference rules: 

A 1  A11 valic2 fom.uPae of c l a s s i c a l  predicate l o g i c  
- 

2 a ,   FA-.^^ b e  FA ---. A 
- -- 

-A 3 a, FA FF-:: ~ . F A  4 ?PA 



~4 a, F A - + + A  ~ . E ; A  > - A  

A 5  a, 74-1-A P A  h-7-72tA . 'A 

A6 a ,  + I + - -  i . l + ? A  b.-A 7 \ -  A 

A7 a . + ( A - - > B f  + + A - + + B  be- (A+ D) -3 -A + - B  

AK a . a ~ - - r F ~  b, 'A-? PA 
A9 a . + D A  $ . - 3 A  , - g A  

A T 0  D (A--+El ) - - /  ,A-3 T1B 

A I I  ~ A V  I ?FA 

R1 a Gut rule: f ron A R and A infer B 

R2, S~zhstitution rule: from A t B  infer ~ X A  provided x 

is not free in B 

2 3 .  from A infer DA 
R$a,from I3 + A ,  E3 .+A, B ,++A, .,. infer D -.FA 
4 f r o  B - A, B .-A, B - --A, . . . infer E- : FA 

GEaracterization of worlds and ac 

A world can he described by nonlogical symbols of Z to~ether 

with physical (or empirical! laws expressed by formulae of Z, 

Actions are represented by action predicates, State chanqes are 

caused when actions are executed and they correspond to the re- 

lation R a e  In order to describe world changes we must fornulate 

action axioms which describe 

1 ,  What are t5e preconditions of an action to be carried out, 

2 ,  What are the consequencaa of an action iF it %as been car- 

ried out, 

For example, consider the blocks world in ficjure r̂ whose physi- - 
ea3 laws are PiC)LDxy---2izr)Nyz, --I ONxx, Let w be the conjune 

tion of these laws, w is not a nonlogical axiom of our theory 

because we have to use R 3  within deductions, Hence in deductions 

only logically true formulae should be used. And w is not logi- 

cally true, 

Figure 1 



s is described by ONaf r, ~ ~ b f  ,q73 x l l 0 ~ n h x ~ ~ 3 x O ~ x a  1 
s2 is described by ONbf h I1OLDha 

Assume that there is the action "take", In this very simplified 

model the precondition of "take", namely CRNTAKExy should be 

~ ? Z O N Z ~ ~ . I ~ Z H O L I S X Z ,  and the result of '"take" is HOLDxy, 

But we also need to prove that ONaf does not hold any more and 

that O N b f  still holds, Hence we need an axiom for "take'hhich 

allows us to derive that if x can take y in one state then there 

is an immediately follawing state where x holds y and nothing 

else has changed; more generally if an action is executed in 

one state then there is a following state where its results hold 

and laws of things which are not affected hy that action have 

not changed and still hold, We therefore suqqest the following 

frame axiom for take: 

ET CANTAKExy.r\ p /? \3 ( R E S U L T T A W E X ~ A  p) + "3- ( p n  RESULTTAKExyj 

meaning that if x can take y and some proposition p holds and if 

p is consistent with the result of the take-action then there is 

a following state where p and the result of take hold, The read- 

er should realize that means laqically consistent not phys- 

ically or empirically consistent: every formula which is not 

logically false, i,e, equivalent to is logically consist- 

ent, In narticular physically inconsistent formulae like ONxx 

or ATxz)\ATxy/\yfz are logically consistent, Naturally the ques- 

tion arises how one could prove that something is consistent 

or is not consistent, The idea of doinq such a proof is the 

fallowing: We need to add to our system axioms of the form OA 
where A is not loqically false. With respect to our example Ian- 

guage we should add axioms like 0 ~ ~ a f ,  $" ~ ~ h f ,  (I) ~On'hf, ,, f ONaf 
HQLDhb) , .?  ((3Vaf *. DNhf) , ete, In Brown ( 1  9 7 8 )  a f inite axiomi- 

zation of consistency axioms for a finite domain of objects is 

presented, It should be noted that the problems we are here con- 

cerned with have finite domains, Applying ET to s we can derive I 
that these is an imediately following state where ONbf still 

holds after a was taken, 

CANTAKEha A QNbf /? O(IEOLD~~A ONbf) -+ 7- fIXOLDha A O f J h f )  

C ~ ( M O L D ~ ~  A ~ ~ b f )  kal-ds by the consistency axioms, On the other 

hand,if we set n to w n ' 3 N a f  then 7 0 ( p n ~ ~ ~ ~ h a )  is derivable by 



(a) w +(KOLDha+ 1OYaf) A1 

(b)  7 (w /\a MOLDha A ONaf f 

( c )  a 7 f w n  HQLDha/',ONaf) R 3  

(d) 7 Q ( w ,  HOLDha ;ONaf) 
Hence OlJaf is "deleted" ( s l i  ONhf 4CANTAKEha) before ET is used 

(lee. ONaf cannot be one of the conjuncts substituted for p in 

E T , ) .  In the following example (figure 2) by 'Hayes (19781 we 

shall discuss how the execution of one action to one object can 

affect a property of anothey object, 

h ;-A :a 

s2 T 3  

Figure 2 

Let us now assume a slightly different precondition for take, 

namely CANTAKEssy- ~ A Z H ~ L D X Z  and an additional predicate 

SUPPORTED, The physical laws are as before plus conditions for 

places (pl. p2, p3, pq) ststing that an ohject can only have one 

place and for SUPPORTED: namely an ohject is supported if it is 

on other objects and a Eony ohject js only supported if it is 

supported by at least two blocks each being under one end of 

that ohject, We shall not formalize in detail these -intuitive- 

ly clear- conditions. 7 ~(SUPPORTEQ~. ElOLDhc A ATdp3, RThpl ,' w) 

is derivable (The proof is trivial hut very konq) , SUPPQRTEDa 

contradicts the other statements because only b 58s its place 

under a, Now we can rlerive: 

( 1 1 s CANTPnKEhc 2 ('ATbpl z 4Tt;lp3 ,* T'fpdab) 1 
(2) CANTAKEhc clq * O(cj A I4OLDhc)- 3 3 (q n HQLDhc) ET 

where qi(RThpl n ATdpj +- 0:Jab' 

( 3  3 ', ( q  IIQLDhc) csnsiskency axiom 

( 4 )  s l  -+ -+ ('16  HOLD^^) (3) and (2) and ( 3 )  

isenee we have shown {sl+ +s21 

One probhen with ET is that, because o n l y  I~4icaE consistency 

is required, we can also do derivations s l i 7 s 3  where s 3 is 



a physically inconsistent world. Since ~ ( A T C ~ ~  HOLDhc - ATcp4) 
the wopld s3 is also one of the following worlds. ET does not 

exclude them, In order to produce only physically possible fol- 

lowing states we could modify ET: 

ET-CANACTION A p .% O~~ARRESULTACTIONA~)-;, T ( ~ A  RESULTACTIONA~) 

ET'  would exclude s 3 .  

Hayes (1978) pointed out that s4 is also a possible following 

state of sl because O(SUPPORTED~ A HOLDhc n w) . But s4 follows 
only if d moves under a when c is taken. Hence sq follows only 

from s, when two actions, take h c and move d p p take place, 3 2 

We cannat prove that sqis not a following state of 9, But we 
cannok prove either that it is a following state, Hence neither 

s +3s nor 1(s --3 3 s  ) is derivable by ou r  frame axiom, 1 4 1 4 

I thank Frank Rsown For nany fruitful discussions and Pat 

Hayes for useful criticisms, 
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no B-RG-8688-7, Frank OfGorm31n has now l e f t  t h e  group, 

Visior- work i n  A1 has made p rog res s  d t h  r e l a t i v e l y  smal l  probierri ,  We 
a r e  not  aware of  any system i n   hick^ many d i f f e r e n t  k inds  of knowledge 
co-operate,  Often t h e r e  i s  e s s e n t i d _ l y  one k ind  of s t r u c t u r e ,  e ,g ,  a  
n e t m r k  of l i n e s  o r  regions,  and t h e  problem i s  simply t o  segment i t ,  
and/or t o  l a b e l  p a r t s  of i t ,  Sometimes models of  known o b j e c t s  a r e  used 
t o  gulde t h e  a n a l y s l s  and i n t e r p r e t a t i o n  of  an image, as i n  t h e  work of 
Roberts  (190j), but  u s u a l l y  t h e r e  a r e  few such m d e l s ,  and t h e r e  i s n ' t  a 
v e r y  deep h i e r a r z h y  of o b j e c t s  c o q o s e d  o f  o b j e c t s  composed of  o b j e c t s  ... 
By con t r a s t ,  r ecen t  speech ~understairding systems, l i k e  SAY (Lesser  
1977, Hayes-Roth 19779, d e a l  wi th  m r e  complex k inds  of  i n t e r a c t i o n s  
between d i f f e r e n t  s o r t s  of knowledge, They a r e  s t i l l  n o t  v e r y  impressive 
compared with people,  bu t  t h e r e  a r e  some s o l i d  achievements, Is t h e  Lack 
of s i m i l a r  success  i n  v l s i o n  due t o  i n h e r e n t l y  m r e  d i f f i c u l t  problems? 

Some v i s l o n  work has explored i n t e r a c t i o n s  between d i f f e r e n t  k inds  
o f  h o ~ d e d g e ,  Inc luding  iht Essex coding-sheet p ro j ec t  ( ~ r a d y ,  Bornat 
1976) based on t h e  assumption thak provis ion  f o r  m i t i p l e  c o - e a i s t i n g  

processes  would make 'the t a s k s  m c h  e a s i e r ,  However, more concre te  a ~ d  
s p e c i f i c  i d e a s  a r e  r equ i r ed  f o r  s e n s i b l e  c o n t r o l  of a  complex system, 
and a g r e a t  deal. of domain-specific d e s c r i p t i v e  know-how has t o  be exp1.i- 
c i t l y  provided f o r  many d i f f e r e n t  sLb-domains, 

POPEYE an.d SAY 

The POPEYE p ro j ec t  is ar: atternpi; t o  s tudy  we.ys of p u t t i n g  d iTferent  k inds  
of v i s u a l  knowledge together i n  one syster.l, Our philosophy has m c h  i n  
corn11 mith ELFIRRSAYJ i n c ~ ~ ~ d i n g :  

( a )  u s ing  s t r a t e g i e s  which may no t  f i n d  opti1n.d s o l u t i o n s ,  but  behave 
s e n s i b l y  i n  a n o n - t r i v i a l  s e t  of t a s k s ,  i n  a  " f r i end ly"  ~ r o r l d ,  

(b) t,r;lTj_ng t o  f i r id  a good gl-obal i n t e r p r e t a t i o n .  w5thou.t n e c e s s a r i l y  
ana lys ing  and recognls ing  all t h e  r e l evan t  subs t ruc tu re s ,  

(c) warking outwa.rds from t h e  "bes t iT  ( e , g ,  b igges t ,  l e a s t  ambiguous) 
f ragrnent ,~,  at, any level.., 

(dj omxitment  t o  dist,ribrr.t ed processing,  s i n c e  e x p e r t i s e  o f t e n  depends 
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on conducting p a r a l l e l  s ea rches  i n  d i f f e r e n t  domains, with p a r t i a l  
r e s u l t s  i n  one t ransforming  t h e  search-space i n  o the r s ,  

( e )  o rde r ing  d i f f e r e n t  domains, and associated processes  i n  a  p r i o r i t y  
h i e ra rchy ,  f o r  scheduling s c a r c e  resources ,  

I3ut POPEYZ d i f f e r s  f m m  SAY, InThere HEARSAY uses  a  generai-  
purpose da tabase  (cal-led a  "black-boardu) with rnonitors t o  a c t i v a t e  
sub-systems when t h e  con ten t s  a r e  changed, POPEYE bu i ld s  a  v a r i e t y  of 
d i f f e r e n t  kinds of networks (inc1udii.g 2-D a r r a y s  and o t h e r  fhanalogicalu 
r e p r e s e n t a t i o n s ) ,  t a i l o r e d  t c  s u i t  what t h e y  r ep resen t ,  so t h a t ,  f o r  
example, searches  a r e  e a s i l y  cons t ra ined  by  us ing  t h e  s t m c t u r e  of t h e  

r ep re sen ta t ion ,  

Sky ' s  m d u l a r i t y  depen.ds a n  uniform database proced-ures, whereas 
we achieve a d e p a t e  modular i ty  by &ring all sub-systems which access  a  
p a r t i c u l a r  type  of sub-network a s e  a  procedure which knows how t o  d e a l  
with t h a t  kind of s t x c t u r e  and knows which o t h e r  s u b - s y s t , e r ~  t o  invoke 
a s  a r e s i l l t .  ??~ch  of  t h e  m d i z l a r i t y  of f i xed - fo rna t  data-base a s s e r t i o n s  
can be achieved us ing  f i x e d  f o r n a t  procedure c a l l s ,  D-yriamic changes i n  
such procedures  a r e  e a s i l y  prograrrmled by making them access  spec i a l  l i s t s ,  
Dynamic b inding  of f u n c t i o n  v a r i a b l e s  i n  POP2 a l so  ne lps  ( ~ n d e r s o n  1 9 ~ 6 ) ~  

HEEBSAZ subsy-sterrs a.rc eupposad t n  Irno~w v e r y  l i t t l e  zbout one another ,  
whereas, i n  POPEYE, mes sage s  ( func t ions  L,o be executed - Slomn & Hardy 
1976) a r e  senti e x p l i c i t l y  from one s-ub-system t~ another  ( - ~ s u . a l l - ~  v i a  a 

schedu le r ) .  We f a c t o r  procedures  according t o  bfkiether they  a r e  col-xerned 
o n l y  wi th  one k ind  of sub-systerr, o r  whether they  a r e  concerned -with a 
message fmrr- o-ie t o  anoiLktere Contrast  %he "framesv approach, i, e ,  : a t t a c h  
each cbdnl: of pr3cedur5. Enowiedge t o  one clziss of frames, 

HmSA?L' sche$iiles t a s k s  acco rd i~ ig  t o  a  mimer icd  eva lua t ion  func t ion  
c o h i n i n g  many d t f f  eren: nieasures, whereas s u r  scheduling i s  based on a  
s inp le  q u d i t a t - i v e  p a r t i t i o n  or" sub-tasks Lnto p r i o r i t y  Drdered c l a s s e s ,  
each xi.-Lk. i t s  own c h e d t i l i n g  s t r a t e g y ,  d e f a u l t i n g  t o  a. simplc queue, E,g, 
when t r y i n g  t o  f i n d  a word i n  i-,?lctures l i k e  f i e r e  1, o r d e r  t a s k s  according 
t o  hrhe%her they  a r e  concerned wf th  a word, a l e t t e r ,  a junc t ic rL between 
bars, a b a r ,  a  l ine-segc~er , t ,  scanning f o r  d o t s ,  e t c ,  Choose the  longes t  
f i r s t ,  a m n g  line-segment jobs,  Use a d i f f e r e n t  o rde r ing  f o r  a  d i f f e r e n t  
g o d ,  1Lke f i n d  " a l l  t h e  v e r t i c a l  barsH ' ,  So t h e  mapping between p r i o r i t y  
l e v e l s  and conceptual  l e v e l s  i s  represented  by  t h e  o r d e r  of a  l i s t  o f  job- 
c a t e g c r i e s ,  and i s  t h e r e f o r e  v e r y  e a s i l y  a l t e r e d ,  It i s  n o t  obvious FLOW 
task-dependent re-ordering of t h e  Levels is HEARSAY i s  achieved, Sin&- 
l a r l p  a  new ca tegory  of sub-tasks I s  ve ry  e a s i l y  s p l i c e d  i n t o  POPEYErs 
p r i o r i t y  l i s t ,  The s c h e c t ~ l i n g  e r i t  e r i a  used h i t h i n  d i f f e r e n t  sub-categories  
need not  be conparable,  Long l i n e s  a r e  ( u s u a l l y )  m r e  importmt than  s h o r t  
ones, b u t  t h e  system never  has t o  irieigh l e n g t h  of l i n e s  aga ins t  s i z e  o f  
l e t t e - s ,  This i s  consister;t ,  ~?ritl; what might happen ir, a  p a r d l d .  impiemen- 
- ta t ion ,  

7". - i~ i l ie ,  t h e  main schedu le r  se:eci;s t h e  tiest jobtype, then  its manager 
s e l e c t s  t h e  b e s t  job, This  m k e s  lt r e l a t i v e l y  easy  t o  pm~duile some m j o r  
q u a l i t a t i v e  changes i n  performance without having t o  a s s e s s  -the i n t e r -  
ackisxs o f  sevzral.. .rii-ft"erent weighting calculatic7ns, O ~ b e r  changes & r e  
h a r 6 . e ~  :c ~ ' 3 k i .  eve ~it!-!out  a 1~1,lrnerics.L ?va lua t ion  system, e  , g , mking  bile 
system give  high p r i o r i t y  30 f i n d i n g  very s h o r t  ho r i zon ta l  l i n e s  near i s o -  
l a t e d  do t s  ari"la.rge &Lagoad  b a r s ,  S2 t  it  i s  n o t  c l e a r  t h a t  people car1 
e a s i l y  cope % r i . t h  a , r b i t r a r y  m.d complex a t ten t ion- focuss ing  i n s t m c t i o n s  
e i t h e r ,  



Top-down p m c e s s i n g  i n  WEARSAY uses  goa ls  added t o  t h e  data-base 
which t r i g g e r  r e l e v a n t  procedures ,  I n  POPEYE ( a s  i n  people?)  much top-  
down process ing  involves  a  h ighe r - l eve l  process  a r e c t l y  sending a  
recpes t  t o  a  lower- leve l  t o  do i t s  s t u f f  i n  a p a r t i c u l a r  r eg ioc  of t h e  
image space, with some of i t s  c r i t e r i a  m d i f i e d  je,g,  i f  a  h o r i z o n t a l  
l i n e  i s  wanted, t hen  t h e  dot-scanner should be l e s s  f u s s y  about 5ccepi;ixag 
evidence f o r  h o r i z o n t a l  l i n e s  i n  t h e  s p e c i f i e d  r eg ion , )  Again, REARSAY 
allows m r e  s e n s i t i v e  scheduling,  whereas POPEYE i s  s impler  and cheaper 
t o  do, The s i m p l i c i t y  makes it m r e  l i k e l y  t h a t  a  program will one day 
be  a b l e  t o  do task-dependent re-scheduling,  It i s  n o t  obvious what t h e  
t r ade -o f f s  a r e ,  Krch depends on  t h e  k ind  ~f  world t h e  progran; i s  expected 
t o  cope d t h ,  on t h e  tasks  i t  i s  t o  perform i n  t h a t  world, and t h e  c o s t s  
of v a r i o u s  kinds o f  e r m r s  and de lays ,  

HEARSAY u s e s  searching  mechanisms a b l e  t o  cope t d t h  co-exis t ing  com- 
pe t ing  h~ypotheses,  whereas 07J.r phi losophy i s  t o  assume t h a t  when one can- 
no t  choose between a l t e r n a t i v e s  one should desc r ibe  what i s  c o m n  t o  
them ( c f ,  d i s c r imina t ion  n e t s ) ,  o r  i gnore  them, then  work a n  some o t h e r  
su,b-task, hoping t h a t  emerging con tex t  w ~ l l . .  r e so lve  t h e  ambigujty, E ,g ,  
i f  r e l a t i o n s  between ambiguous l imb- l ike  shapes m y  unambiguously i d e n t i f y  
a  human f i g u r e ,  t hen  d o n ' t  waste resources  genera t ing  both Leg asid arm 
hypotheses f o r  d.1 t h e  shapes (~aul 1376), Simpler. s e a r c h i ~ g  i s  t r aded  
aga ins t  more e l a b o r a t e  s t r u c t u r a l  desc r ip t ions ,  i n  m r e  domains ( f i g u r e  21, 
This approach cmfiot cope with r e a l l y  d i f f i c u l t  s i t u a t i o n s  e ,g ,  puzzle 
p i c t u r e s ,  Where m r e  problerL-solving power i s  needed, and n o t  merely 
domain-specif i c  e x p e r t i s e ,  we a r e  experimenting ~ n l t h  t h e  mechanism de:;- 
cr ibed  by BBirch and a  r e l a x a t i o n  rnechmisrn f o r  combinatorial  sea.rch con- 
t r o l l e d  b y  '"references".  i in ton 197& 7 977). 

Domain-specif ic r eg re sen ta t ions  

Because of  t h e  huge amnimts of da.ta i n  visual images and t h e i r  interpre-  
t.a.tions, s p e c i a l i s e d  r ep re sen ta t ions  a r e  needed, so t h a t a c c e s s  t o  i n f o r -  
mation i s  r a p i d ,  and m t u a l l y  r e l e v a n t  fragments mag be  l i n k e d  t o  form 
s2gn i f i cm. t  cu.es without  ecormus  combinatorial  searches,  

E,g, on f5.ndin.g a  d o t  ir; the a r r ay ,  POPEYE can quick ly  check whether. 
t h e  l o c a l  context  i s  messy and ambiguous, s i n c e  neighbouring d o t s  a r e  
r e a d i l y  accessTble,  S imi l a r ly ,  t h e  p i c t u r e  i s  mapped i n t o  an a r r a y  of 
"zonesF' each o f  which knows about i n p o r t a n t  image o r  scene fragments 
l o c a t e d  there .  Every u o r i e n t a t t o n "  s t o r e s  knom ( f f i . n f in i t  e" ) l i n e s  i n  
t h a t  o r i e n t a t i o n ,  i n  an ordered  chain, so t h a t  each can q ~ i c k l y  f i n d  i t s  
neighbou.rs, and P O P m  can a_uicF.y examine dl l i n e s  b e t m e n  two given 
l i n e s ,  Each l i n e  l i s t s  t h e  i m ~ o r t a i t  Line-segments and gaps which l i e  
a long it,  ordered  a s  .they occur  i n  t h e  p i c t u r e ,  k line-segment knows 
about bar-walls hypothesi..sed a s  lgiing on i t ,  Two b a r s  may sha re  a  seg- 
ment, one on each s i d e ,  Each b a r  w d l -  krmws abou-L t i le  b a r  T t  i s  a  r;ijii.. o f ,  
m d  about t h e  segment dep ic t ing  it,  A b a r  knows ab0u.t i t s  w a l l s ,  i t s  
major a x i s ,  t h e  junc t ions  ~ 5 t h  otlle- b a r s  w i t h  which i t  mergesJ e t c ,  Many 
inzage and scene s 'Lmctures  have an i n t r i n s i c  d i rec t ion-sys tem as soc ia t ed  
1 6 t h  them, dbf ln ing  a  f r o n t  end and a back end, a l e f t - s i d e  and a r igh t -  
s i d e ,  e t c ,  This  i s  used by  orienta"lon-indepel1.de11-t~ p rog ram f c ! ~  mmipu- 
l a t i n g  then,  

P r o b l e ~ i  of  no t ic i .ng sign:i,.ficant subs%~~.crttur.es w h E l  st such a network 
gmws are  n o n - t r i v i a l ,  a ~ d  so  f a r  we have on1.y pa r t i a l .  s o l u t i o n s ,  Birch 



( 1  978) desc r ibes  one approach, coni5ining r ecogn i t i on  and segmentation, 
i n  a  s e l f  - improvhg d i sc r imina t ion  n e t ,  

D i f f e ren t  c a t e g o r i e s  of ;ub-processes d i s t i ngu i shed  by t h e  scheduler  
correspond roughly t o  a v a r i e t y  ?f " in te rmedia teu  r ep re sen ta t ions ,  
s t o r i n g  p a r t i a l  r e s u l t s  of process ing ,  minimising t h e  need f o r  backtracking,  
i, e ,  a l lowing s t m ~ c t u r e - s h a r i n g  between &iff e r e n t  searches ,  (Marr ( 1 976 ) 
c a l l s  t h i s  ?The p r i n c i p l e  of l e a s t  commitment \ CCf. Sloman and Hardy 1976 
p 252 . )  We have t o  examine many image and scene-fragments t o  d i scove r  
t h e  s i g n i f i c a n t  k inds  of s t r u c t u r e s  and r e l a t i o n s ,  The hardes t  t a s k  i s  
f i r iding good desc r i p t i o n s  , e s p e c i a l l y  d e s c r j p t i o n s  capable  of  adequate ly  
r ep re sen t ing  incorripletely ana lysed  s t r u c t u r e s ,  t h e  " intermediate"  rep- 
r e s e n t a t i o n s ,  This  s tudy of t h e  s t r u c t u r e  o f  t h e  t a s k  domain i s  m a l o -  
gous 50 l i n g u i s t i c  s t u d i e s  of  t h e  grammar and semantics of languages,  
The need t o  cope wi th  p a r t i a l  information i n  a  performing system l e a d s  
t o  a  r i c h e r  on to logy  thwi a  s2udy of 'kompetence". 

We a r e  s tudying a  v a r i e t y  of  d i f f e r e n t  s o r t s  of images and scenes,  Ide 
s t a r t e d  with p i c t u r e s  l i k e  t h o s e  i n  f i g u r e  1 f o r  va r ious  reasons,  i n c h -  
cling : 
( a )  People can i n t e r p r e t  them c a r  g e t  b e t t e r  w i th  p r a c t i c e ) ,  so 

t h e r e  i s  a  relevant  h u m  a b i l i t y  t o  be  expla-bed ,  
(b) Progres s ive ly  m r e  d i f f i c u l t  examples can be produced, with p o s i t i v e  

o r  nega t ive  n o i s e  m d  confusing occ lus ions  and jux tapos i t i ons ,  t o  
t e s t  t h e  program" a b i l i t y  t o  degrade g race fu l ly ,  

( c )  A s  shorn in f i g u r e  2,  s e n s i b l e  i n t e q r e t a t i o n  of t h e  p i c t u r e s  r equ i r e s  
knowledge about s t r u c t u r e s  in d i f f e r e n t  domains, 

(d) Some of  t h e  image s t r u c t u r e s  a l s o  a r i s e  i n  p i c t u r e s  of  3-B blocks- 
world scenes,  

( e )  Information f1.owin.g z c r o s s  donains enables  reChndancy t o  be  used  t o  
f i n d  a  good g loba l  i n t e r p r e t a t i o n  ~ d t h o u t  process ing  a l l  d e t a i l s ,  

(f) Computer-generated p i c t u r e s  enab le  u s  t o  do some u s e f u l  work d e s p i t e  
t h e  l a c k  of  TV equipment and a  sho r t age  of space i n  our  computer, 

What i s  he te rarchy?  

POPFIE i s  a s t e p  towards a h e t e r a r c h i c  system which could be  implemented 
on d i s t r i b u t e d  processors .  Some t ake  "heterarchyl' to r e f e r  t o  t h e  use  

of  f ancy  c o n t r o l  s t m c t u r e s ,  We t h i n k  it i s  a  n e g a t i v e l y  def ined  con- 
c e p t ,  con t r a s t ed  wi th  h i e ra rchy ,  A h i e r a r c h i c a l  pe rcep tua l  system i s  
one which can b e  represented  a s  a l i n e a r  p i p e l i n e  of processes  thus :  

Inp1.L ---2 PI --3 1 2  ---3 F3 ---> Pk ---> Output 

m e r e  arrows r ep resen t  f low of d a t a  and, i n  a  s e r i a l  pyocessor,  c o n t r o l ,  
A siwle-minded a l t e r n a t i v e  i s  t o  permLt feed-back loops  between sub-processes,  
so t h a t  n o t  all t h e  arrows go one way, A m r e  complex a l t e r n a t i v e  i s  $0 
p o s t u l a t e  s e v e r d  p a r a l l e l  p ipe - l i nes  through which i & o r m t i o n  can flow, 
r&th a d d i t i o n a l  m u t e s  f o r  p o s s i b l e  feed-back, feed-across ,  and feed-  
fomrard, a s  i n  f i g u ~ e  3 (op t iona l  i npu t s  r ep re sen t  p r i o r  expec ta t ions ) ,  
Each P i j  m y  have s e v e r a l  nrb-processes a c t i v e  a t  d i f f  e r e n t  l o c a t i o n s  i n  
t h e  p i c t u r e  - ( s ee  f i g u r e  21, 



I n  P O P m  t h e r e  i s  a  genera l  d r i f t  o f  i n f o r m t i o n  along each pipe- 
l i n e  a d  fmm lower p i p e l i n e s  t o  h i g h e r  ones,  b u t  wi th  occas iona l  sho r t -  
c i r c u i t s ,  Each l a y e r  i s  concerned wi th  a d i f f e r e n t  domain ( f i g u r e  2), 
Wit'nin a  l a y e r ,  o r  p i p e l i n e ,  in format ion  tends ,  on t h e  whole, t o  f low 
fmm s d l e r  t o  l a r g e r  (h ighe r -p r io r i t y )  s t r u c t u r e s ,  But t h i s  i s  ody 
a d e f a ~ l t ,  over-r idden by d e t e c t i o n  o f  s i g n i f i c a n t  cues o r  t h e  use  of 
p r i e r  expec ta t ions  and h ighe r - l eve l  knowledge, caus ing  h-ypotheses Gr 
reqi lests  t o  be  f o r m l a t e d  which earn f l o w  up o r  down between l a y e r s ,  o r  
s k i p  backwards o r  forward w i t h i n  a l a y e r ,  

So r ecogn i t i on  of  some fragment can make t h e  system jump t o  a  m ~ .  
g loba l  hypothes is  about a  l a r g e r  whole conta in ing  i t ,  o r  an i n t e r p r e -  

t a t i o n  i n  a  c?ifferent domain, A high-level  cue may invoke t h e  c o r r e c t  
g loba l  i n t e q r e t a t i o n  w h i l e  m c h  lower- level  processing i s  s t i l l  incom- 
p l e t e ,  The e f f e c t s  of such knoc~ledge-based jumps i n  process ing  a r e ,  we 
be l i eve ,  m y e  important  than  t h e  advantages gained from us ing  general-  
purpose mathematica.lly c o ~ p l e t e  o r  even o p t i m l  search s t r a t e g i e s  w i th in  
,any o r e  problem-spac e ,  
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DESIGN FOR A PLAN HYmTHESIZER 

N . 3 ,  S r i d h a r a r ~  and D, Smith 
k p a r t m e n t  o f  Gomputer S c i e n c e  

Rutgers  i k i i v e r s i t y ,  New b u n s w i c k  NJ 08903 

A f u n d m e n t a l  problem cmmon t o  b s t h  c o g n i t i v e  p s y c h l o g y  and 
s o c i a l  psychology c o n c e r n s  how p e o p l e  p e r c e i v e  i n t e r p e r s o n a l  e v e n t s ,  
En o u r  approach t o  e x p l a i n i n g  how p e o p l e  understantl  t h e  a c t i o n s  t h e y  
o b s e r v e  o t h e r s  p r f o m i n g ,  w e  assume t h a t  d e r i v i n g  t h e  c a u s a l  
s t r u c t u r e  of "ctle a c t i o n s  i.s t h e  p r i n c i p a l  c h a l l e n g e . ,  The n a t u r e  of 
&he c a u s a l  r e ] - a t i o n s  i s  n o t  t h a t  o f  p h y s i c a l  c a u s a l i t y  b u t  t h e  
i n t e n t i o n a l  form o f  i t  , o f t e n  termed "agency" o r  8Dpersona l  c a u s a t i o n "  , 
He have c la imed  [Ref 2, Ref 31 t h a t  memory f o r  obse rved  a e t i o n s  is  i n  
t h e  farm of a p l a n  s t r u c t u r e  binich c o n s i s t s  of a set oE p l a n  u n i t s  
p a r t i a l l y  o r d e r e d  by c a u s a l  r e l a t i o n s  w i t h  wel l -def ined cond i t i o n s  
marking t h e  begi.nning and end of p l a n  s t r u c t u r e s . ,  P h y s i c a l  c a u s a l i t y ,  
by c o n t r a s t ,  y i e l d s  l i n e a r  t e n p r a l  o r d e r i n g s  w i t h  no bounds on t h e  
scope of beg inn ing  and end ,  

A p l a n  s k r u c t u r e  r e p r e s e n t i n g  t h e  r e s u l t  o f  untfers tandi  ng a c t i o n s  
should  

a) be s t r u c t u r a l l y  well-formed; it should  c o n t a i n  an o r d e r l y  
s t r u c t u r e  o f  p l a n  u n i t s  des igned  t o  acccxnpl i s h  t h e  g o a l .  

b)  be a t t r i b u t a b l e  t o  t h e  a c t o r ,  i , e ,  b e  e x e c u t a b l e  a c c o r d i n g  t o  
t h e  a c t o r B s  b e l i e f s  abou t  t h e  m r l d ,  
and G )  be c ( m p a t i b l e  w i t h  t h e  c u r r e n t  s t a t e  o f  t h e  w r l d ,  

I n  d e v e l o p i n g  an A r t i f i c i a l  I n t e l l i g e n c e  system t o  model t h e  
p r o c e s s  o f  p l a n  r e c c g n i - t i o n  f r m  i n p u t  c o n s i s t i n g  o f  a sequence o f  
obser-ved a c t i o n s ,  we i k i l i z e  t h e  f o l l o w i n g  t h r e e  c m p n e n t s :  

a )  a  h y p t t l e s i z e d  plan s t r u c t u r e ,  H, 
b)  a  pe r son  model ,  Fj, whieh i s  a  set of s t a t e m e n t s  t h e  system 

a t t r i b u t e s  t o  t h e  a c t o r ,  
and c )  a wrid  model ,  Wl, which is a  set o f  s t a t e m e n t s  t h e  system 
b e l i e v e s  a r e  t r u e  i n  t h e  c u r r e n t  s i t u a t i o n ,  

We adop t  a  paradigm o f  "Hypo"ceesize ae?d Revise" i n  an a t t e m p t  t o  
c a p t u r e  c e r t a i n  a s p e c t s  o f  t h e  h m a n  p r o c e s s  o f  p l a n  r e c o g n i t i o n  [Ref 
4, Ref 51, Tnis paradigm m p h a s i z e s  t h e  r o l e  o f  a s i n g l e  o r  v e r y  few 
h y p t h e s e s  i n  g u i d i n g  t h e  i n t e r p r e t a t i o n  o f  subseqklent i n p u t .  
S p e c i f i c a l l y  t h e  h y p t h e s i s  H a l l o w s  t h e  d e t e r m i n a t i o n  o f  t h e  "nex t  
expec tedy '  a c t i o n  and t h e  n e x t  obse rved  a c t i o n  is  matched t o  t h i s  
e x p e c t a t i o n .  I f  t h e  match i s  s u c c e s s f u l ,  t h e  h y p t h e s i s  may g e t  
eus"comized o r  r e f i n e d  by adding f u r t h e r  d e t a i l ,  On t h e  o t h e r  hand,  if 
t h e  attempted match f a i l s  an  a n a l y s i s  o f  t h e  r e l a t i o n s h i p s  m o n g  t h e  
most  r e c e n t  a c t i o n ,  t h e  h y p t h e s i s  H ,  and t h e  models W and PM p r o v i d e  
s u g g e s t i o n s  f a r  r e v i s i n g  t h e  h y w t h e s i s ,  

Tci s r e s e a r c h  was s u p p r t e d  by Gran t  RR-643 t o  t h e  Rutgers  Research 
Resource on Computers i n  Biomedicine f r m  t h e  BRP, D i v i s i o n  o f  
Research Rescurce ,  NIL!, 



I n  t h i s  paper we cons ide r  one ccmponent o f  t h e  plan r ecogn i t i on  
p roces s ,  t h a t  o f  hypothes iz ing  a  p lan .  Tne r eade r  should refer t o  
[Ref 4,591 f o r  a  d e s c r i p t i o n  o f  expec t a t i on  matching and d e t a i l e d  
s p e c i f i c a t i o n  o f  r u l e s  f o r  r e v i s i n g  t h e  hypo thes i s ,  It is i m p r t a n t  
t o  r e a l i z e  t h a t  t h e  r ecogn i t i on  o f  plan s t r u c t u r e  and t h e  
h y p t h e s i z i n g  of a  p lan  s t r u c t u r e  a r e  n o t  s epa rab l e  a c t i v i t i e s  wi th in  
our  s y s t m  des ign  and t h a t  t hey  a r e  i n t i m a t e l y  i n t e rdependen t ,  This  
a r t i c l e  focuses  on t h e  process  o f  hypothes iz ing  whi le  providing 
c e r t a i n  c r i t i c a l  l i n k s  t o  t h e  r ecogn i t i on  process ,  

Design C r i t e r i a  f o r  a Plan Hypothesizer --- 

?"ne problem posed t o  t h e  plan hypothes izer  is t o  develop a  
hypo the t i ca l  plan s t r u c t w e  t o  ach ieve  a  s p e c i f i e d  goa l  t h a t  may be 
a t t r i b u t e d  t o  t h e  a c t o r ,  The hypothesized plan w i l l  be  used by t h e  
recognizer  t o  gu ide  t h e  i n t e r p r e t a t i o n  of incoming a c t i o n  
d e s c r i p t i o n s ,  

1, me a c t o r  normally h a s  cho ice  i n  s e t t i n g  h i s  g o a l s  and can s e l e c t  a 
v a r i e t y  o f  means f o r  achieving them, F u r t h e r ,  he  can change h i s  mind 
a f t e r  p a r t i a l l y  execut ing  a  p l a n ,  Tnus, s i n c e  t h e r e  is no c o r r e c t  
plan h y p t h e s i s ,  t h e r e  is no c r i t e r i o n  o f  c o r r e c t n e s s ,  Me only  
Fequire-  t h a t  t h e '  p lan p r o d u c d  be a  reasonable  one i n  t h e  sense 
explained above, 

2 ,  The p lan  hypothesized need not  be  op t imal .  S ince  t h e  plan i s  t o  be  
used t o  understand a c t i o n s ,  t h e  t a s k  o f  hypothesizing a plan should 
provide s t r u c t w e s  which a r e  e a s i l y  recognized.  Tnus opt imizing t h e  
plan s t r u c t u r e  i s  n o t  c r u c i a l ,  

3. The h y p t h e s i z e d  plan should be a t t r i b u t a b l e  t o  t h e  a c t o r ,  Thus, 
t h e  person model, PM, should be k e d  t o  gu ide  t h e  plan hypothes izer ,  
The world model p lays  a secondary r o l e  and s e r v e s  t o  suggest  and 
c o n s t r a i n  t h e  cho ice  o f  o b j e c t s ,  l o c a t i o n s ,  e t c ,  t h a t  e n t e r  i n t o  t h e  
p a  s t r u c t w e ,  When t h e  recognizer  de te rmines  t h a t  c e r t a i n  
p ropos i t i ons  used i n  t h e  c u r r e n t  plan a r e  t r u e  i n  t h e  PM bu t  f a l s e  i n  
t h e  W M ,  it can sant ic ipate  t h e  manner i n  which t h e  a c t o r  w i l l  f a i l ,  

In view of t h e s e  c r i t e r i a ,  t h e  plan h y p t h e s i z e r  spec i f i ed  w i l l  
be s i m i l a r  t o  Sace rdo t i  ' s  [Ref 61 but w i l l  n o t  employ a l l  of t h e  
" c r i t i c s f t  which a r e  found i n  h i s  r S p e c i f i c a l l y ,  t h e  %%USE 
EXISTING OBJECTE c r i t i c  w i l l  n o t  be  a p p l i c a b l e  s i n c e  t h i s  c r i t i c  is 
involved with s e l e c u o n s  of s p e c i f i c  o b j e c t s  so a s  e minimize t h e  
a c t i o n s  r equ i r ed  t o  c a r r y  o u t  t h e  plan.  On t h e o t h e r  hand, the 
"RESOLE CONFLICTSu c r i t i c  w i l l  be appl ied  s i n c e  t h e  a c t o r  w i l l  be- 
prevented frm ca r ry ing  a u t  a c t i o n s  which have been denied by 
preceeding a c t i o n s  Cit should be noted t h a t  t h i s  c r i t i c  w i l l  d i f f e r  i n  
its f o m  s l i g h t l y  f r m  "cat o f  S a c e r d o t i ) ,  



A t  t h i s  s t a g e  t h e  plan hypothes izer  does  n o t  use t h e  '"ELIMINATE 
REDUNDANT PRECONDTIONS" c r i t i c ,  Tnis  c r i t i c  is problematic  s i n c e  most 
a c t i o n  sequences observed w i l l  u s u a l l y  t a k e  advantage o f  e x i s t i n g  
precondi t ions .  b w e v e r  , s i n c e  persons a r e  n o t  op t imal  plan g e n e r a t o r s  
they  may n o t  t a k e  advantage o f  eve ry  such p o s s i b i l i t y ,  We have opted 
t o  r e l e g a t e  t h i s  c r i t i c  t o  t h a t  p a r t  o f  t h e  plan r ecogn i t i on  process  
t h a t  dec ides  what t h e  "next  expected" plan u n i t  w i l l  be ,  

T a t e 7 s  work [Ref 61 a l s o  has  s i m i l a r i t i e s  t o  t h e  plan 
hypothesizer  presented he re  s i n c e  bo th  systems u t i l i z e  an e x p l i c i t  
goa l  s t r u c t w e  f o r  planning and monitor ing : t h e r e  is ,  however, one 
e s s e n t i a l  d i f f e r e n c e .  T a t e b  system func t ions  i n  a dcxnain which has  
acces s  on ly  t o  knowledge contained i n  a b r l d  Model, For t h i s  r ea son ,  
Tate" system w i l l  g ene ra t e  p l ans  a p p l i c a b l e  t o  t h e  s t a t e  o f  t h e  m r l d  
whereas our system w i l l  a t t r i b u t e  h y p t h e t i c a l  p lans  t o  an a c t o r  based 
on both t h e  s t a t e  o f  t h e  w r l d  [FIM] and t h e  b e l i e f s  about  t h a t  world 
a t t r i b u t e d  t o  t h e  a c t o r  CPMI, 

The Process  o f  Hypothesizing P lans  
P - 

& f o r e  d e f i n i n g  a process  f o r  hypothesizing a p l a n ,  i t  is  
necessary  t o  s p e c i f y  t h e  plan u n i t s  which comprise a hypothes i s  and 
t h e  r e l a t i o n s  between t h e s e  u n i t s ,  

Plan Unit  
PP 

a ,  @ p o r t m i t i e s  (OPP) 
A s e t  o f  p r o p o s i t i o n s  which must b e  t r u e  i n  t h e  Person 
Podel CPM) f o r  t h e  plan t o  be  undertaken,  

b e  (Xltcmes (OUT) 
A se t  o f  p ropos i t i ons  which w i l l  be t r u e  upon completion 
o f  t h e  p lan ,  

c ,  Goals (GOAL) 
A s i n g l e  p r o p s i t i o n  s e l e c t e d  frm t h e  outcorne se t ,  
'This u n i t  he lp s  g i v e  focus  t o  t h e  reason  f o r  t h e  p l an ,  

d , In-Order-To ( IOT) 
A s e t  o f  p a i r s  i n  &ich  t h e  f i r s t  e l m e n t  is  t h e  goa l  and 
t h e  second e l m e n t  i s  a plan whose o p p r t u n i t i e s  r e q u i r e  
t h a t  t h e  goa l  be t r u e .  This set  h e l p s  t o  g i v e  focus  t o  
t h e  p a r t i a l  o rde r ing  o f  p l ans ,  

e .  Not-Between (NB) 
f ,  Not-Next ( N N J  

Tne l a s t  t h r e e  u n i t s  a r e  cons t ruc ted  a s  t h e  hypothes i s  
i s  gene ra t ed ,  They a c t  a s  % c e r d o t i f s  c o n f l i c t  c r i t i c  
and imwse a minimal p a r t i a l  o rde r ing  on t h e  p l ans  h i c k  
t hey  l i n k  t o g e t h e r .  



The p r o c e s s  o f  h y p o t h e s i z i n g  a  p lan  is performed i n  a  Frbackwardsft 
( g o a l  d i r e c t e d )  manner, Its i n p u t s  a r e  a  g o a l  set which i s  t o  b e  
r e a l i z e d ,  a  p r o p o s i t i o n  set which r e p r e s e n t s  t h e  Person k d e l  (PM) 
a t t r i b u t a b l e  p r i o r  t o  t h e  e x e c u t i o n  o f  any a c t i o n  i n  t h e  p l a n ,  and a  
set o f  p l a n  schemata ,  T h i s  p r o c e s s  u s e s  t h e  g o a l  set t o  s e l e c t  a  s e t  
of p l a n s  which can accomplish  t h e  s p e c i f i c  g o a l s ,  Once t h i s  s t e p  h a s  
been w r f o m e d  t h e  o p p r t u n i t e s  f o r  t h e  p l a n s  s e l e c t e d  a r e  used a s  
g o a l s  f o r  a n o t h e r  a p p l i c a t i o n  o f  t h e  same s t e p .  Tne d e c i s i o n  o f  what 
p l a n s  t o  select f o r  s a t i s f y i n g  t h e  r e q u i r e d  g o a l s  i s  e f f e c t e d  by 
look ing  up t h e  o u t c m e s  and g o a l s  w i t h i n  t h e  p l a n  schemata ,  Tne 
s e l e c t i o n  o f  t h i s  set o f  p l a n s  d e t e r m i n e s  t h e  In-Order-To r e l a t i o n s  
a f t e r  d-i ich t h e  C o n f l i c t  Critic is c a l l e d  t o  compute t h e  Not-Between 
sets and t h e  Not-Next sets, 

T h i s  " b a c h a r d s f l  p lann ing  r e p e a t s  t h e  p r e v i o u s l y  o u t l i n e d  s t e p s  
u n t i l  bhe o p p r t u n i a i e s  f o r  t h e  p l a n s  which have n o t  been "backed up" 
are a s u b s e t  o f  t h e  Person P b d e l ,  Mhen t h e  o p p r t u n i t i e s  meet t h i s  
r e q u i r e m e n t ,  t h e  p lan  is s a i d  t o  be  c m p l e t e  and t h e  tree s t r u c t u r e  
g e n e r a t e d  is made a v a i l a b l e  t o  t h e  r e c o g n i t i o n  p r o c e s s ,  It shou ld  be 
noted t h a t  t h e  p l a n s  which now comprise  t h e  h y p o t h e s i s  a r e  p a r t i a l l y  
o rdered  and t h a t  t h i s  o r d e r i n g  is t h e  most g e n e r a l  p o s s i b l e  ( t h e  plan 
h a s  been kep t  a s  " p a r a l l e l v T  a s  p o s s i b l e ) ,  T h i s  p r o c e s s  o f  
h y p t h e s i z i n g  w i l l  produce a  s t r u c t u r e  which w i l l  e n a b l e  t h e  
r e c o g n i z e r  t o  a c c e p t  any v a l i d  sequence o f  a c t i o n s  w h i l e  r e j e c t i n g  any 
sequence Which v i o l a t e s  t h e  agreement between t h e  o p p r t ~ n i t i e s  and 
t h e  Person Pbde l ,  

The C o n f l i c t  C r i t i c  
P 

The C b n f l i c t  C r i t i c  works wi th  one  a  p r i o r i  a s s m p t i o n ,  T h i s  
assumption is mot iva ted  by t h e  b e l i e f  t h a t  once  a  g o a l  h a s  Seen 
achieved by t h e  e x e c u t i o n  o f  a p l a n ,  t h a t  g o a l  w i l l  n o t  b e  r e v e r s e d  
u n t i l  i t  h a s  been used f o r  t h e  p u r p s e  d e s i g n a t e d  by t h e  h y p t h e s i s ,  
The fo rmal  form o f  t h e  a s s m p t i o n  is : i f  p l a n  A's g o a l  is 6 ,  plan  
8's o p p o r t u n i t y  i s  C, and plan A h a s  been performed "in-order-to '"  
s a t i s f y  p l a n  B t h e n  any p l a n  which i s  between t h e  e x e c u t i o n  o f  p l a n  A 
and B n a y  n o t  deny t h e  p r o p o s i t i o n  6 ,  In o t h e r  w r d s ,  a p l a n ' s  g o a l  
may n o t  b e  undone unt i l .  i t  h a s  been used f o r  t h e  p u r p s e  i n t e n d e d .  
Note t h a t  t h i s  i s  a requ i rement  on o n l y  t h e  p lan  and it p e r m i t s  an 
e x e c u t i o n  sequence t o  a c h i e v e  and re -ach ieve  any p r o p o s i t i o n ,  

Once one of t h e  s t e p s  o f  t h e  p r o c e s s  o f  p l a n  h y p o t h e s i z i n g  h a s  
been w r f o m e d ,  t h e  c o n f l i c t  c r i t i c  w i l l  be invoked t o  e s t a b l i s h  t h e  
r e s t r i c t i o n s  on t h e  temporal  o r d e r  o f  t h e  p l a n s  GJhieh now campr i se  t h e  
h y p t h e s i s ,  The c a l c u l a t i o n  o f  t h e s e  r e s t r i c t i o n s  is e x p l a i n e d  below 
i n  b o t h  Engl i sh  and a  l o g i c a l  n o t a t i o n ,  Tne l o g i c a l  n o t a t i o n  is 
presen ted  t o  h i n t  a t  t h e  p rocedures  f o r  i m p l m e n t i n g  t h i s  c r i t i c ,  



Canvenbions - far Logica l  - n o t a t i o n  

BPP(Pi ,x) - x is a p r o p s i t i o n  wt?ich must b e  
t r u e  i f  Plm P i  is tm be  p r f o r n t d ,  

OU"T(Pi ,XI  - x is a p r o w s i t i o n  a i c h  w i l l  be  
true i m e d i a t e l y  a f t e r  Plan Pi is  
w r f o m e d .  

WWL(Pi,x) - x is a p r o m s i t i o n  which s e r v e s  t o  
focus t h e  reason  for using Plan P i .  

I m ( P i  ,x , P j )  - Plan Pi is p e r f o m &  In-Order-To 
provide t h e  o p p r t u n i w  t o  p r f o m  
Plan P j ,  Propos i t ion  x is t h e  foeus  
h i c h  d r i v e s  t h e  planning. 

WN(Pi , P j )  - Plan Pi cannot  b e  fallowed by P j ,  

m f P i , P j , % )  - Plan P j  may n o t  be pr?faum& a f t e r  
Pi and be fo re  Pk, 

Es tab l i sh ing  - t h e  Rot-Next S e t  - 
'$he b t - N e x t  set is f o m d  by cons ider ing  tm t y ~ s  o f  i s s u e s  

a i c h  a f f e c t  t h e  s eqwne ing  o f  a c t i o n s ,  B e  f i r s t  h a s  t o  d o  with t h e  
d e n i a l  o f  ~ p p r t m i t y  f o r  a plan t o  be exwuted  and t h e  second 
p r t a i n s  &o t h e  d iscovery  o f  suprf l rmous p l ans ,  

If t h e  negat ion  o f  a mmber o f  t h e  o p p r t u n i t y  set  o f  Plan P j  is  
conta in& i n  t h e  o u t c m e  set o f  P i ,  t hen  P j  cannot immediately fo l low 
P i ,  

I f  an ou te rne  o f  Plan P i  is i t s e l f  a goa l  o f  Plan Pj t h e n  P j  
cannot m e d i a t e l y  f i l l o w  P i .  



E s t a b l i s h i n g  - t h e  Not-Between S e t  - 
a h i s  set is b u i l t  s o  t h a t  the a s s m p t i o n  o f  maintenance o f  focus 

can be a t t a i n e d ,  Th i s  set is  def ined  by a  d i s j u n c t i o n  of  t m  
cond i t i ons .  The first is: If t h e  goal o f  Pi is an o p p r t m i t y  f o r  Pk 
( n o t e  t h a t  t h i s  goa l  must remain i n t a c t  u n t i l  Pk u s e s  it) and t h i s  
goa l  d e n i e s  an o p p r t m i t y  f o r  P j ,  then P j  cannot  b e  pe r fomed  b e t w e n  
Pi  and Pk,  Tne second is: If t h e  goa l  o f  Pi is an o p p r t u n i t y  f o r  Pk 
and t h i s  goa l  is reversed by an o u t c m e  o f  Pj, t hen  P j  cannot  be  
w r f o m e d  between Pi and Pk,  

It should be noted t h a t  t h e  Not-Between set is n o t  dependent on 
t h e  ou t e rne  set o f  a  Plan bu t  o n l y  on t h e  goa l  set-Thus, a s  s t a t e d  
p rev ious ly ,  t h e  focus i s  maintained whi le  a t  t h e  same time allowing 
f o r  s u b s e t s  o f  o p p r t u n i t i e s  t o  be  e s t a b l i s h e d  and denied and 
r e e s t a b l i s h e d  before  t h e  execut ion  o f  a plan which r equ i r ed  those  
o p p r t u n i t i e s ,  

In o r d e r  t o  d m c n s t r a t e  t h e  c o n s t r u c t i o n  o f  t h e  Not-Between and 
Not-Next sets t h e  fol lowing e x m p l e  w i l l  be hand s imula ted .  Tnis  
e x m p l e  is one o f  hypothesizing a  plan f o r  hanging a p i c t u r e  an a  
 all; t h e  p l ans  a v a i l a b l e  fbr t h i s  hypothes izer  a r e  l i s t e d  i n  F igure  
4 .  By convent ion ,  t h e  goa l  is l i s t e d  a s  t h e  f i r s t  p r o p s i t i o n  i n  each 
OUTcome set ,  

As prev ious ly  s t a t e d ,  "ce h y p t h e s i z e r  c o n s t r u c t s  t h e  plan a s  it 
proceeds backwards f r m  t h e  given g o a l ,  For t h i s  exanp le  t h e  goa l  is 
" P i c t u r e  h w g  a t  L S v ,  F igure  2 shows t h e  successive s t a g e s  t h a t  a r e  
encountered a s  t h i s  goa l  is backed up and t h e  r e l a t i o n s  b e t ~ e e n  t h e  
s e l ec t ed  p l ans  t h a t  a r e  formed, 

Conventions f o r  F igure  2 
P - 

Propos i t i ons  a r e  grouped i n  s e c t i o n s  t o  s i g n i f y  OPPor tmi ty  sets 
for M e  p lans  s e l e c t e d .  

&rows with l a b e l  i n d i c a t e  p l ans  which have been se l ec t ed  t o  
s a t i s f y  one o f  t h e  p ropos i t i ons  i n  t h e  GOAL set  c u r r e n t l y  being backed 
U P  * 

The arrow o r i g i n a t e s  f r m  t h e  OPPor tmi ty  s e t  o f  t h e  plan and 
t e m i n a t e s  a t  t h e  GOAL o f  t h e  p l a n ,  



The labels on the arrows indicated mich t y p e  of plan is being 
us&, 

SP-i : String Picture 
W-i : Nail in Wall 
HP-i : Hang Picture at L" 
MGi : bveaject 
MP-i :: M v e  Person 

Step 1 -- 

The first ~kep deals wi"c  the prowsitions given in the problm 
s~cification, Since only one plan type (Hang Picture) satisfies this 
goal an instance of HP forms the hypothesis:: the opprtunities for 
kng Picture is used to backup the propsition set, Cmce this is 
done, there are five propsitions which must be satisfied at the next 
step. 

Since only one plan is involved in the hypthesis at this time no 
entries may be made tea the bt-Next (NN) or kt-Between (NB) sets; 
however, the appropriak instantiated forms of the goal, opprtunity , 
and outerne sets will be record& as shom in Figure 2. 

Step 2 -- 

SLep t w  mus"cbackup five propasitions in parallel before the NB 
and NM sets are considered; howver, only four plans are shom in 
Figure 2,  This is beeause the propsition involving nearness of tw 
locations eannof be planned for and may only be verified or denied 
hen the zction sequence is being observed, 

the four plans of Step 2 are add& to t'ne hypothesis (at 
this wink i$ will contain 5 plans) and the proper goal, outcme, and 
opprtmity sets are defined, the bnfliet Critic can be invoked, 
Recalling the definitions for the NR and NN sets and considering 
Figures 1 and 2, the following facts can be shom to be true. 

The t w  facts are derived frm very different pieces or" 
infomation, Tne first fact cmes frm the realization that certain 
plans will prfom suprfluous actions &en invoked after other plans, 
kwever, the second fact is not quite as obvious, If MP-1 is followed 
by MU-1 it must be the case that the prson has moved frm L1 to L 1  
after MP-I has been performed, ?his muld not per tn i t  the observer to 
attribute IOT(MP-?,<Person at Ll>,HP-I) to the actor, since t h e  actor 
moves away before HP-1 is done. 



Thi s  l a s t  s t e p  shows s e v e r a l  sets o f  p r o p o s i t i o n s  being backed up i n  
p a r a l l e l ,  Notice t h a t  t h e  s imple p r o p s i t i o n  of <Person a t  Li> is 
a s s m e d  t o  be  s a t i s f i a b l e  and is never backed up, M t e r  t h i s  s t e p ,  
t h e  C o n f l i c t  C r i t i c  will provide f u r t h e r  r e s t r i c t i o n s  t o  t h e  c u r r e n t  
p a r t i a l  o rde r ing ,  The fol lowing list is  n o t  c m p l e t e  and s m p l e s  t h e  
type  of in format ion  t h a t  is  ob ta ined ,  

I n t e r a c t i o n  between Hypothesizer and Recognizer - 
As mentioned i n  t h e  i n t r o d u c t i o n  t h e  hyw"chesizer and recognizer  

a r e  heav i ly  i n t e r r e l a t e d .  One o f  t h e  most obvious i n t e r r e l a t i o n s  
i nvo lves  t h e  a b i l i t y  t o  h y p t h e s i z e  p l ans  and then t o  i n c r m e n t a l l y  
recognize  them. As t h i s  r ecogn i t i on  process  i s  c a r r i e d  o u t  it b e c m e s  
p s s i b l e  to mark s e c t i o n s  o f  t h e  hypothesized plan a s  "phantomf\ based 
on t h e  information frm the p a r t i a l  o rde r  s w c i f i e d  by t h e  
h y p t h e s i z e r  and on t h e  a c t i o n s  observed by t h e  r ecogn ize r ,  These 
a c t i o n s  provide e f f e c t s  which a r e  q u i t e  s i m i l a r  i n  n a t u r e  t o  t hose  o f  
Sace rdo t i  's "ELLTINATE REDUNDANT PRECONDITIONSff c r i t i c .  Thus, a s  
a c t i o n s  a r e  observed t h e  recognizer  f u r t h e r  restricts t h e  hypothesized 
p lan  and thereby  reduces  t h e  width o f  t h e  s ea rch  space  with &ich  it 
is cmrking, 

The recognizer  g a i n s  f u r t h e r  e f f i c i e n c i e s  by updat ing t h e  
d e f i n i t i o n  o f  t h e  "next e x p e c t e d f b c t i o n  based on knowledge of t h e  
p a r t i a l  o rde r ing  known p r i o r  t o  t h e  observa t ion  of  an a c t i o n ,  This 
howledge  g r e a t l y  reduces  t h e  complexity o f  t h e  matching performed by 
t h e  recognizer  by r e s t r i c t i n g  t h e  matches o n l y  t o  p l ans  *ieh have no - 
p r d e c e s s o r s  i n  t h e  h y p t h e s i s ,  

This paper has  presented a des ign  f o r  plan h y p t h e s i z e r  which can 
augment t h e  p r e d i c t i v e  manner i n  ~ h i c h  an observer  understands t h e  
a c t i o n s  he pzrce ives .  This  method o f  h y p t h e s i z i n g  a  plan has  
s i m i l a r i t i e s  ~ t h  Saeerdot i  'S and T a t e 7 s  work; however , t h e  
underlying assumptions of our  system a r e  q u i t e  d i f f e r e n t  than e i t h e r  
of t h e  o t h e r  two mentioned, 
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THE FRAME SHIFT MECHANISM IN N A f  URAL LANGUAGE 

tuc Steels 
Artificial lntelligenee Laboratory 

Massaeh~~setCs institute of Technology 
~arnb i i d~e  Massachusdjtts 021 39 USA 

Thc-fiarne s h g f  mecknni~m i s  a method fa resolve the conJlicf between the goals 
of ra csvtain farn@rhge cammunicalia~l and Ihc fools available for tlcrning these 
t ypes  0f ~ D G I S  i"to anfuraE langzlage. I f  constsds i n  asrembllng a new  
speci$cafion relating cognifive goals with narttral l a n p a g g  means. 

This p 8 p e r  r epor t s  otx orxe aspect of a global  system for  n a t u r a l  l a n g u a g e  
rammiftlkcatton cetracntiy ernder CarastrucErQn. T h e  system has been set u p  as a testbed 
fo! a B ' B L B ~ T ~ ~ P !  of ~ d e a s  about natural fanguage understanding, production and lea rnrng. 
Magor p a ~ t f o n s  of the ei~eorettcal basts have been developed and several aspects have  
ali;&dy hectr implenlet~ied rn a n  experimental ACTOR-based problem iolvkng language 
ED w h ~ h  cagrafttve processang rs performed by conmuni.catron between experts Xm thns 
papea ogte ~ d r z  will be discussed very br~elly. 

i 4 f ~ t ~ ~ i n g  P Due to space I t m ~ t a t i m s  ~t was ampossible to provide even a sketchy 
ovetvrew of the rnatn prlnctples underliying the whole system or to give suff~cienr detarl 
Lo make the examples fulty understandable for someone unfam~btar with the  theory. 
T h e  reader should Cknerehre cancentrate on the main idea rather than worry about the  
deta r Is. 

1. Assarme that in the language system there Is a knowledge structure knowaa as the  
dicrio72nt.y. It relates ""semantic" "ecificatians 6rr fac10rx concerning meaning, semantic 
function, semantic type, vjewpoistt, etc:? to an underlying word farm, i.e. a raat o r  stem 
related to a n  actual word by nlarphaiogical rules. T h e  kctors a re  properties of %he 
structures which serve as art ii-tterface between cogrritive systems a n d  the  l anguage  
producer or parser. 

Iax the system u n d e r  discussion a cluster o f ' a  root  w i t h  i t s  s e m a n t i c  
speciflcaeians is relwesm"t""fas a frame, where the various semantic specificati~ras a n d  
t h e  under ly ing word farm a r e  the slots. Partly to guide the  search, the  f rames a r e  
organized into a hierarchical frame system on the basis ~f shared subspecihlcations . 
T h e  g r a d u a l  ref inement  sf specifications g ives  t h e  dicfiosaary t h e  s h a p e  of  a 
discrimina"cion net. Iwheritance and  default mechanisms compensate far this type of 
as-ga niza tion doring "bobtom up" consu ttacian. 

2 Each factor ths t  occurs an the dtctianary has a  lumber oh srrurrtlra% Implicalio;as. For  
example the factor semancac fernccron impfles a certain refaeronal e rav i r sn~~en t ,  ag certain 
order envrr-onment, cerkaln morpholog~cati feattrres of the root and a cert;pln syntactrc 
fe"ic8res environment. O r  each semantic type dmplges a specnfic set of possnble cases, and 
a speckfte set of case Indssachars such as morphohgrcal endrsrgs, ordenngs or preposrtrons. 



Similar things are available for other factors. 
In the  system under discrrssion a specification defining the  s t ructura l  

inlplications of a factor is again represented in terms of a frame with  the structural 
features as  slots. And again these frames are organized irlto a frame system on the basis 
of shared subspecifications. For example the premodifiers a r e  a sktbclass of the 
attributive adjur-tcts which are a subclass of the adjuncts, etc. 

T h e  set of frame systems retacing fictors to their struerural properties is catled 
the  qnmmrrr. Depending on the factor one can make a distinction between relations! 
grammar,  case grammar, and so orr. 

3. Now T will intr-oduce the topic of this paper by telling a hypothetical story about the 
develcspmel-rt of tanguage. Assume that initially there was a dictionary frame for all 
factor valirathor~s the cogttitive system was ever interested in. 

For. txample ,  there is one frame for RED, with meaning "red"', semantic 
ftznctkor~ attr.ihutive adjunct.(as in 'tile red table'), semantic type STATE, etc. T h e  root 
'red' can then only Re used with meaning "red", semantic f'unction attributive adjunct, 
t y p e  STATE and sa on, 

Btrt t-taw suppose that the cognitive system wants to find a root wjth the same 
vaiues for a1"ractors except one. For example the meaning, type, perspective would a19 
r.emairl constant but instead of attributive adjunct, a (g~:ammatical) object is required (as 
ira 'Red is a nice cotor'). Mow there is a problem: no dictionary frame exists for this  
sj~ecification. 

There  are essentially three ways to solve this problem. 
Eil st the gransmar cclrrld tell the cognitive system responsible for the irlitiat structure 
t h a t  th is  stt.ucttlue I s  not reat~zabte and that therefore some restructuring must take 
place. T h i s  kittd of backtrackir-rg is presumably very expensive, partially because 
inferer-rcing and concepttgalizing are very cclrnpficated processes in thernsetves. 
A second soIution rs to expand the dictionary by introducing a Dew frame with all 
specifications identical except the conflicting factor. From the point of view of t h e  
granmmar this i s  obviously the most efficient, solution (although other language users 
h a v e  to ag ree  of cotrrse). However the dictionary is already extremely large a n d  
extensiota shoctld be avoided at all cost. 
A third sol~ttiotf i s  t i l e  one natural languages seem to have adopted: the  jrante shv t  
mechanism. 

T h e  frame shift n~echanisrn is a way to resolve the conflict between a 
specificatiora offered by the cognitive system and the availabte.specificatian in  a 
dictionary f~.ame by activating a certain global method to construct a new specification. 
" fy~3 ic ; t i  methods a re  additiorl of certain structural signals to indicate the  sh i f t  a r  
irthei,il;ar.lce af (some of)  the stl.ucrural properties of the factor value tha t  caused the 
coi~flict. 

T h e  big thing i s  that t h e  method does not only work in one sittr2tion but far 
-all conflicts of the same type. T h e  specification of a method itself  is in the present 
systrin-~ again represerated i r a  frames whpre the slots naw deal with the aspects that a r e  to 
he added on. taketl over.. 1 wiil call these frames i ranr f i r  frames. Transfer frames a r c  
also ot.ganized ia.~ a frame sysbenl an the basis af shared subspecifications. T h e  transfer 
f r a n ~ e s  are  activated when t h e  '"ampfaint departments" oaf the dictionary or grammar 
consriltir~g agents receive messages signatling unsolvable conflicts. 

Natrriral languages continue to change A t-ratura! development coaacernrng 
frame shift ts t h a t  very ft.equenr: shifts are frozen into the dlctiarrary as  refinements of 



8 1 ~  ".r$il c,,d; P v d i l a b k  faamcs D o ~ n g  e h ~ s  w ~ l l  result In increased efficiency for the  
r o ~ < . , , i Z ~ ~  ~ 1 0 ~ 2  y)fsxe\q (he transfe~ flames are being complied so 8.0 speak. But because 2a 

I~ ; j *#s : rv  fr-$~rae 13 TBO Songel product~ve some of the flexlbslity of the language 
:ystl i c%" fitter srYrnc genetattoils the inforamaeron to d o  the shfR wrll no longer b e  
: a ?i;j : ' i  $ 6 -  tn aalrfei flat-ne knowledge structure. 

B" td rn~  sh&s appear to have certarn rneerestcng properties, e g ,  frame shift due 
2: r ~ ~ r f ' r ; ~ c  3n" f z c t s ~  may cause frame shifts for other factors. D u e  to space  
' r : - s t ~ i , c t s e  :r,ec,sl rst-inot he discussed here, tnstead 1 w ~ l l  ~amrroduce (very briefvy) some 
f?\ rP '"i~ ip'r 

4 a i ' l a f 6 t ' ~ l b ; i b a !  $ h $ l  b?psh.t~rne that each (trnderiysng) langerage word rmplles one semar-itic 
! ; a m ~ n a t r c a l  rklatroara dej3m"dlng ot:! the way you look at  rt). For example 
- 15 *swP attr rbrrtrvely I e to an-iplsfy the ~ntroduct~on of a n  entrty by a 

'c> 1 1  r *TaV ' - , t ie ' i b p  B ,   sf I '  $"bays ataed as a grammatisat object to ~ n t r ~ d ~ b c e  a cereagn 
, I !  , 3rv)ag 's  e l m f  3s a V P I  baI adjunct, eec 

fief ' 1" " iamc s h a f t  rocchanfsrn we are able to extend the. use of each  
~ : ~ t I p * t /  r l t  Y C D C I  :ca n t a a  ePrnarttrsr, iunrt~ons For example. "poor2san be used a s  a 

g a a i  ^iT4t*c2: C ) $ j e ~ f  kt- ~t?itodisce entities as In %he gives to the poor" Note the fo\low~ng 
c z q , r  t e i p 5  ~ g l x c s  8 8 1 ~  f8arne ~hgft at hand 

!I? < : ~ T t e  511tt!g.tE1);81 aqpects of  grammatlcal objects h a v e  been "mherlted"". F o r  
-ia'l;pleY .zor now t;a%,@r khe pasrtion of -a normal object and te creates a cer ta in  
/ : ' i f  " e:4vt3'38'3f0~~~h cr~inrnnr? f c~a  gramr-wat~cal objects En the sense chat a determiner 

($'il:'r / f i r @  ' n:'tI 3 C A E  I : ~ ~ H C ~ ~ Q Y  ( ~ S B Z ~ C  'tos) can take part In rt. 
t a ;  r;:aia,sll? skf'rrciural $wupere$es of attrtbuflve adjuncts renlaln however.  For 

f 2 ' ~ ; ~  - i ~ j i l :  r S C I ( ~ I  l a t t v ~  ils f ~ ~ i i t  passible ( T h e  poorest of the poor l i v e  here"), certarn 
;'5r>r9r&e a i  t f ,p  ie%qitr%ridl  rnvlikinrn~f~t are preserved , e g  an adveablal adjunct, nor 
a+ toc r jp ,  w ( $ 2  i.;ijaclq, can  big{! b e  cos~nected. 

Z g g i B  Crag : a f ~  -?sat iarzrxi a l  p ~ o j ~ ~ b  ties of grammatacal objects are NOT ~nher i ted ,  For  
~ ~ a v f g r  n*>'gi gPt.saf [ e  use rs aiQowecl (% poor came !-sere yeseerday\s ungrammat~cal)  

1; ' j  ' " r i t ~ i o  W C B K  to be W Q  speacm! signals i n d ~ c a t ~ n g  that the shrR has taken place. 
"-larage s l ~ l f t s  CoI'BcerniSlg the semantgc function are so common ehat you can 

P~.T-" .  ::')-:;, f r 3 a i l  nark? semantac function to each other functson. 

r 4 fpato.iai??g rhajkt  Asskin~e that each Qunderlyiing) language word rmplres one rneanmg 
(,!-I Ole sglalsc of a j-srcd~care QB propetty the cognaisve system knows about.) For example 
' p r d  is a l , m y <  LESPC~ tu d~rtoee 'havrng a particular color", "glrl\s always used to denote 
'a iynaat3gi p w s ~ n  kif the femaie sex"' '"walk\s always used to denote "a p a r r r c u l a ~  
4̂ 101P 291P("15! C:'$k 

+ * z f f a  * h c  1 9 3 ~ 3 ~  shlfk n ^ ~ ~ t h a a l s m  we are  able to extend the  use of each  
rax;r; yre;g to other nleanrngs Fzr example " e d k a n  also be used wrth t h e  

* * 
$ 1 3 ~ 3 ~  ~ Z G  5 : evoitlttocaa~y of anatchrsr~c'" as in ?he red briigade". T h e  b r ~ g a d e  docs not 
$- , - % l a  t C! i3r gi$ i l i ,  I Z C ~ W I  i t  B S  a gioup of  people w ~ t h  revalutl~nary or anarch l s t~c  
rQe,ai% A f c j  Ittar t f t a %  t l~ r s  franx shkR does not have any ""structural tnlpltcaaaons", even 
tBtss ~ - 0 s 5 r b i ~ ~ 1  y of p6.i for mzng a functronlril s h ~ f t  to grammatlcal objects ss preserved 

Ar?oe&~r V P C ~  mmmon rneankng sR8fB. ss from so called "i1tem.a1" to "nonlleera8" 
arCs5:c 6 c~t6ara2 E B ~ T J ~ C B ~ , ~  w h ~ h  has been rntroduced far phys~cal entmes us by analogy 
2 it33rd ,s awrnai :  wncs 2s e g  fr0n-i 'c\ear glasS( to 'a cOear idea" or from \ asharp knife" 
EL :: bz.;,f $ + + L P I B ~ ~ c B o c ~ '  

e g?hr r+om~non  oh rneansog shrft es so common ehat almost a n y  natural  
" r g r !  ' -  8 '  x g i .  same  's&xfted5' meangngs En most cases ( a s  ~ 8 t h  %red"% 



' i~evoiiutlondryhr so tzlaed sdrams) these shtlfts are paabably frozen in 'the d~c taonary ,  hut 
tsXB.isv ~~f l i f t %  aae stail piodetcirve (eg use of quocatroo marks) Mcst cncanlng shdfts do 
g-got h a v e  se!iactkrral ittoperties slga~aliirtg then? (a lc i~o i~gh  consrdw ehe si11Ft from 'red' to 
- T h i s  makes  it: yar r rcea la r ly  haid for Iranguage srndeirstandlng systems 80 

recover them. 

4 :, . -r' Y ~ L F  "?iff. bl.1 tile systcnl li!mcter. discussiorl (af~~c!+:a.~t;~~.r~> !?irzrd: ?r - r ;  ;'i3:..aricd 1 " B l 0  

:.t*;.8:8i ; I ;  r;i.{.''"s S I B C ~  a >  S-F"A-I-E, whei.e a n  enrnty js s a i d  1.0 is;. ve  3 <:f:.i:tirt f 8 f 8 > [ 3 i : ~ ~ ~ t  
v -  ". r %-\J~..- :, i' L ~ Y  1 a W ) P C T . ~ ~  sarnethjng i;? said. to h ~ p p e n  to 3 c~rt2ia.g ~ f r ~ t i e ' g ,  or ACT whe:-e a cerrain 
pi.? i t - rloe; a carf;arn illis18 SO that  somethitag h;i :3pe~is  tn s!zcl.fter k-ni:fty. "This 
; : .-~:-4i i( . .r1jr i~~ grraler'r^ss two  things: tlie kiald of c;ases a t t f l  elithsn.;~l;?,sntrals ?hxr n v t ;  9ccu;i. 

i , :.:," rti!!:c.~;t,~!;ig M.OI.C! f ~ i ~ l l  allca the scir.face casp i c ; : i t . r i i> i  :bar a;'r!i : ~ e  crsco l o  
I l a i , I kds -C  :ti';> ' .,:>ci. - .  assocf;ii.g:c! rwjth the  i>r&dir;sie ex;xc:glii h,,i I ~ B ?  !,l;ol. 

'l.~~i~.2$.1tic;slly !.pt?ik,~blg type r~pfers the  %cay 2 cef.@k?.r '?c'crlcr* I ! ,  ? & ? ! ~ e j v ~ ? i ' : ~  

! V ~ I P : ~  t /16 L&.pt_a 1:jelg-ig perceive6 i s  different f t c m  elae'br3s type of ehc root c i ~ f ? ~ t t - i  tdlr 

a.krai-i:.lri~ rze l i ? f a  ' ;1 :~r ie ,  9 t ype  c~ritlict O C C I . I ~ S  ;~r-.rd ehr r'i3r:le si!:fe ,?ssc!rzrracrr! toaim?; inrh 
:?? I ,?';!, k%':ik:r~iri [;orr!g i ~ 1  $!'eat ricearl here ;ire kwo exan;pies. 

'<.3gaf:r? '  i s  :ypicailgi a STPh-PE worci, a s  it.! ' the c8br~r. i.; q ? f 3 ~ 1 ' .  : > i ~ p p c ~ ~ c f  IIOZV that  wc 
;:, .i Sie;lt? wf??i'? sc?ri,rtk:irlg bajllpews La t h e  door srlcit ;i.i;a! t i  ss alijshetb iloiv. War?!. to 
decs.;rshe t h i s  scr'oc ;is a n  event : sumcthir-rg (become open! '9iappen.i~ La rkss d o o ~ .  &$.sat 
i t i w ; . '  2': ;i ci:~~ilkc! wi th  open a s  STA'TE and t h c  ~.serceplaan t h e  scene a s  a n  EVEN?'. 
" 3  , , 

t t s :  :,o i:,%iiri:.g "ikrtlmzeive" It,an~e shift a$lav$s us  t \ - n e ~  to r.27 ' t h t r - -  d c r ~ t  c;;jxi;'s~d'. TI4cjtsr~ 

i 8 .aar  i.iot 4 1 3 1 2 1 ~  a type s h 1 2  but a110 a funct~onal  s;kife h2s occured. 
5irpi-rg;s v , : ~  9;ave ar8otiler ccerle where samethrng Ba~ppens to doai. su!:tl tha t  i t  is 

r.).';F;l r ~ s i h ~  a n t i  v!c t,+lar?e to nncorgloraec: i n  the  n a t u r a l  langt.rage clescriptt~w ano the r  entiey 

O ~ ; - z t  il ' l!blaial~1 t h i s  p n i  iirril;ar evesjl. So now we pprccive ~Blc sceaxe a,; are Af1;-h . T h e  so 
( :? l i i : t : i  " i a t ~ s a i ~ ~ ~ c "  f r ame  sB?fPC aliorvs r l s  to obtain 'He ojasrjcd t h e  door', Norc t k 3 t  there 
?:.c, i . ! ~  s ~ ~ - : . B c ~ I : I - ; + ~  inciicaeors ri;~eir-tgnjshia~ b e t w w n  L;VF,NT ancl AC'T.. f 4 o ~ ~  a l ~ ~  tkmt 
' r t  rile case $ h a t  'op~en' IS a i l  event je  rs not possib8e &o e x p r ~ s t ,  t h e  ia?gai;;3toi- ("Tile door 
c . i i s i : $ ; c , : !  i ; ~  ii~"?' ? a  i1f-igi.an7ir"rat~raH). 

' 1 -h~ .  ~,ilc:i-rk.irt~eraort of type shift  is a e a i n  ,so clcrmrnem rhar ie IS  po r ; i ~ l b i~  ho . s l a i f t  
r n . i b r r ?  ,nln?a~s;. ,zr$.r: fyg:ac to a n y  orher type. Most of these shifts are  still very  p ~ ~ ~ ~ k ~ c t i v ~ :  
;~f,:~i 1.-8 t . t ? l j ,  ar:. ti-icre sirurei.araI slp;x3aBs f0 i01i3ic;ate l i .  

< ,) i,':c'!i:/?i-i7:1' :.!.i'fi. %PI 1hr P,ysTel7f k111der. d i s c~~ss io r~  ;~t-iot%?ch s?r)j:ariil~: pai..~t;'~a:f~t 05 g ~ . " a t  
: t i~i~oi, ; ,qt>cr for t h e  C C O ~ I S ~ ~ ~ B C ~ S O ~  ~i the specificaticx~ of ~ B B P  sewface a s e  fe;lti.zr~: 1s ? h & i  of 
.J:o~~-.i~bi)~r:x. "i : ~ i r h ~ ~ ) b ) f f ~ t  95 one case tia"(by which  a ~ I . : ~ T $ ~ C ~ ! . ~ ~ . I ~ ~ C  ~ ; i , t j r ( i f ; '  ~ r \  I.:IB-B~"c~~L.'(:; 

z .  { : t i :  i;'..'i c ~ ~ n ? n ~ t ~ i . ~ i c a r i o n .  Ir :  gs t h e  ~ r8 t : : y  v:!:i? t,trk~grh r.8;~: I:~iy:,:agc l i se *  

;, c.%.\iiaiz S S C B : ~ ~  For esanaple an ' I~fira i : ~ . , i a : t s  t i ~ b - ,  d t - 1 ~ 1 ~ '  \ ~ I C  W I P ~ W ~ : Y O ~ F I . ~  c:f 
Z1* . si 

t j : c '  , : i : t i i ~ ~ c i ~  0% t h e  aclia81, Jniim. Each dsr.t;r~rsaty ir.arr:.r. c,aarri:%~ns a 4 1 2 5  

k: g. for '!:taitai3 the bias v i ~ w p o i n t  85 i~,~iliator. Sot~aeein-ies jar: witkt buy at-3d 
W!B? iher e 8s a daFie?iei~e roe)! rleper-tdrnri; solely nn a citffererasce v~ewpoinr. 

Wailint i - s a p p c n w t  t i s i n  Bangeaage usca. V J ; ~ D ~ S  tc z ~ . ~ ~ ~ t ~ ~ ~ ~ t % . i  ti181 Scene fton.o a 
~ j i i f ~ i  t!w8 v aswpoint r ! ,an t he  or?@ pa.esene in t h e  spec i f r r a i ion  wlsrckm i s  acieqararg. ;ts 
n2b.aids :. oel.ief fiXc:c~r:. '? A f r a n - i ~  ~ l l j f t  O C C I . ~ ~ S  with  r?: r r P w  ca5e  BOW filling the  
1fIPZV(3OIII?I. 

.{:r3~. ">:amp8c we go fn-orit ' john paints tBac door' to 'The d ~ a r  ~ 2 %  p;1.jn'l~cj john', or 
8. ,-. , . . 
, 'jingi rtr.iijtig, a car '  io 'a  c s i  stolen hg iomr boysi. e t c  T& irrucitiral' features 
i:sriic-r,:i%;q t.!ir si la fe rntcistdi. ~; l i f ie rent  word ordea..iaz,g, tlsc of n;~.~s.plv,dsgita'; ft!:?aturcs 2nd a 
c.,;~? 1 : ) I t B  c tk j l )~ I  081 t h ~  S ~ ~ X ~ A S T  case features. 



T t r e ~ e  a r s  m.i.ny rnore kxzrnples of frame sh&s (far example at  the categorra'r tevel, seaeh 
a s  : a  ia:,a '~/e;r;s?ty\to 'bt.arltrferi' or at a pragrnatgc Sew!, such as faon? an interrogative ts a 
d ~ c a r  i lc n r ,  st? rnlled rharorrcal queseeons) but % hope tlaat: the examp8es givew will 
%1: f f$ f r r  i t  i E V P  ,,, rclpr3 of w h a t  1s gosng sal here 

'j ( 0  ..a A t  I d t  8s B CAsa t ~ l l  ~m ianguage processrng system currentfy nn existence 
r4calt , < c l a 3 r f r l i  naar?srca wish the phenomena gdentdfted here Usrraily the result of 
f i z r l w  t n i l l  ' I B B B , ~ ~ ! ~ ~ ~ B P C ~  explzcitly zn fhe language descnlptnon tiself. Thgs is not the 
I ~ c t  & i t p g 0 2 4  h ~ C B B  :WO lra50n5 F ~ r s t  nf al l  t he  grammar rs more complex t h a n  
R P C P ~ ~ ~  a +it 1 ~ 2 d ~ g 2 1  B I S C I I  P Cror ape a n d  reduced efficiency. Second same frame shifcs 
canoa r  r e f  i 6 st'# 8 k i r r~  lir) tlicv % g g :  st181 very productive (consider for example use of 
2"7wta pk*~!! t 

j B O ~ , $ :  a < [ (  k ) ~ ?  i-2 $3 B ~ B  ( i~g ; lgnz~e  various shifts (especlafly a n  the  c z t e g o r ~ a l ,  
i ~ l a t l o i ~  ,i - i l k  dl lb,\gcag Bf"i'eii finas?: t i l e  !ate twentres orawards (cf BaYly's tl-ansposttlon, 
B I ~ I I V C ~ ~ ~ - ~ ~  'q I :  , r i \ , r - r ,  I - P $ ~ ~ B ( ' ~ C  s t i  2nh;laij0~, etc) Foltaw~ng Harris the transfarmaegsnal 
sr ha,{ i, ! t i  , 116 p ! : ~ ~ f l i ~ ! r f ? ~ a a  si?rxcesneng f ~ a r n e  shrft by poseialaenng a "kernel" 
tep8t*,\ B $ $  ? l i 8 a g ,  ~ O H B  L t ; ~ n % k e 1 ? f 1 t i 6 i 1 ~  i t  b2sed CP~I  the varrairs passthfe shifts I t  ts now well 
ka.iowa3 a 11 38. t i t r?  W p p t  u t f 8 1  B P  \ # i s  I$; ~ n s t s l  mountable problems W~ekrrn te-ansformatmcrnal 
g~sm:-rl-ir c E I c - ~ . ~  p ~ e ~ l ~ \ c r ~ ~ <  'rc?ve I ~ ~ g d  eci the deilelopn~ent of a "lexacalrst" al3praach and 
I h c  rntruduci l i i~i~ of v a i ~ t i ~ i ~  ' l i c * i  I i "  r u i h  a s  the so calfed X-bar theory. 

A ~ ; % : G  from t h ~  f 3 r  i t lb ;a t  I D  a generative grammar the fuilctton of frame shrR 
pher-selnl~rna i-aijlgot bc ~kpB,;isnted, the major  drffeience wrth the  t ransformat tonal  
apg$m' .~ l r  ; B B I ; C ~  e i ~ a  one p\c~at-tied here ?is that  the ntechantsm af frame shlft is a feature 
of the  ~ B I O C P ' S S  a$ t - o u ~ i i b ~ ~ ? ~ ~  Iiug~istic knowgedge It 1s a s  ~f the grammar trres ta resolve 
r onflscrs jaa!tli n a  l l y  R~fozij eQta ecsr?e~ol sfr uctetres af the parsing and productren processes 
rrtcoa pcnr ,%ie r!w f esaliki 111 t B ~ P ~ x  t e ~ f ~ ~ c t t v e  dineermedtate 'Irnguasctc structures 

I t  $ 5  far ; i Iy  o82vio~r.s t h a t  this new way of th~nking forces a complete revislan of 
cel t ent  Q T  an~rna tasa l  desri i p t ~ s n  a n d  although many things have to be ~nvestigated,  
!eskxltc, SPa f i t ?  alslai.n$d 388 $81018 t h a n  panmlslng. 
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AWTRBCT 
t o  braaden the  scspe o f  the  a i t u a t i a n  caZcuPus de- 

vebtapetrd i~ ths % r a d i t i s n  of Green /69/, He Car tw,  Hwea /694 
t a  cogs with mc@rta in i%y,  The s i t u a t i o n  BepeMent object 
fuactiom m e  onas&  fa^ that p w p ~ s e ,  Om methad. ift explained 
an exmp%ea af @ e a t  and mouee i n  a mzs" aad a BRIDGZ te~oai- 
natban, W s  s h d l  impsse same r e s t ~ i c t i a n s  an the worfd, the 
robot mB it@ g o d s  u v e r  w h h R  a thearea prover can carry 
&he plamfxlg of r s b a t  a a c t i v i t y  i n  a c h a w i q  or  mt  eompXs- 
telg. known environment, Finglly we show how the a c t i v i t y  af  
the  gzccutirag: sabot af  SiHasray ean be plfamed i n  OW ~ ~ E ' I x ~ ; E I =  
l i ~ ~ e  

1, 
&get of %he e m r e n t  ~imulated rabats w e  abae t o  repe a- 

with a t o t a l l y  passive envbament - the  robot s a c t i o m  slrs 
t h s  C ~ U B ~  0% the e h w e a  i n  th wosld, Moreaver it is 
supposed t h a t  the robot knows evamthiw ( tha t  can be expreeaad 
i n  x t a  l a  age) gbaut $ t s  e a ~ i r o m e n t ,  The exespt iow maw "f." those s t a b  e and known worlds ,are the systems proposed by 

aac$. W w a ~  J691, Hea-ix /136, Yo i 7 6 i  a M  1 ~ i k l 6 -  
The f i rs t  one sketches a r i e b  f a a  irsrn fop r ~ p r e -  

s ~ n t a t f o n  of  b9arJedge end abiPi t iea  includiw Borne ehaxngirrg 
propert ies ,  e,g. e-on-street-signle) o r  aescpiptfon o f  8 
pos i t ioa  of a fritilxiw bawr Elf~drax eimla.t;ee the @@TI& wfi 
has * P. the 61E611it3 t a  model p s w i q  flowers, rumiw stre 
and a,aun, which randera gradually scr the heavenge, Tha 
Paung a@system rational@ l a  t o  undaret the develop~en% a2 
a chz%d a m & s l  of the world anad i t a  a i t g  t o  aequzre new 
produetion nets f o r  descr ip t ion  of b u i l d i ~  and faalinp i n  
t h s  t r l a ~ k  w o ~ l d ,  

S i k l ~ s e p  /738 asaert! t h a t  a mi% robot i n  m weerm 
t a i n  eavisomeat  i a  imdequate c o ~ t ~ a s i s  it with a robot 
of  a new d % s i  - exeeutiw rab 

Let the wa la$" a robot be described by =earn 
c d e u u e  (e,  t g  pwavel ,  mvel /76a/) , "L'ia is ~1 
@f ~.asrt;ed theariri3te of %%rs"a;~rdsr p-ksdicat~ c d c d u e  w i t h  t?~@ 
l ~ a i n  sort@ - the s o r t  "object" W "situation:, Qbaimsly the 
first s o r t  s s fe sa  t a  a l l  sb jee t s  of the sabot  a voo'ld mc9 f t  
can ba divided i n t o  sevgraP d i f fe ren t  subsorls ,  if needed, 
The object comtante deecsibe the objects aa robot,  a@%@@, 
rn%l.~;%~"&X amb@r, etce 

The o d y  e i tua t ion  c o m t m t  i a  s ,  interpreter;2 aa the iai- 
t iaL s t a t e .  The s i t u a t i o n  terms (sintifarly as i n  G ~ e a a  /69/) 
a r s  seeulta of the appl icat ion aP the f u n c t i o w  ,daac r ib iw 



opeaea tc~a  o f  the rabot, ~ 5 t h  B B B ~  @bJect ~ O P ~ ~ ~ B F B ,  on s%.- 
tnati~n %@EW, L e t  ba % ismua aM t a di$mt%on 
tsm&, 1% 4 % ~  "K,t A %B 
, if d d.088 
F\tt,Z ",," ',/; r4ri*i&b:Le~ Em& i 

ex  3w "89~5 :,%FE ar 
r & % S ~ e -  4 d  4 O+ Y(Z8@] % 
F @ Y ~ ~ D X F  & &ter eub%tfta 

F t  %n",%9sd iats~p~s 
r h w c  $Q i% fit rsb6t  8 
p s ~ m e + ~ s r a  em3 % s* a i  
pan3:a(: i I* thu %z%te of %he r o r l d  dlsr epplicst ion of thc 
a @ + f ~ g  ~ p :  R to tha aa~ld d@aeribsd by the situatfsn tax+% t* 
Woks2 $5 j f ~ ~ ~ ~ ~ t f ~ i i  Y i.8 8peekTi8d b~ $QF&U@@ Gt, R p  
f i  3 Y "  CL 5 lp T ~ ~ @ Y " @ q t f l ~ i % %  &E& the ~ 6 8 a t  QP y? by P=R~@$@F@ 
x y A r;i, a se 6; Xae ,,> ( 2  ,I @f paira o f  f o r a a a ~  aaif  or^ 

w l t a  PM?, . s , y"i., s)resp, saasratfw tha  i n c i d g a t d  pike- 
~ ~ c m t ~ n ? ~  D" , i B t ~ ~ & & a v d ,  )Tavci /76b/), The inoidents l  
;j&er~o@~ans 4 o u c ~ % b e  <th.,g i ~ w m  a i  action; 
;A@% i,: b& aequsnee s f  ~arf&bls-f~ee objes t  t s ~ m ~  a f  %Be - % m a  , ex%)?%% 98 1 t ba & ~wiab l s - - f r ea  s i t m t i o n  
% e m ,  7 f  A@> c' ;a -xv, t~pj  -4 Cp{Z> 4 hold in aituaw 
tian a , zst~r& B aaet hold in yQ(gp%) + T ~ B  0 e m e 6 p a M i ~  
f m i o ~ 1  :ri C. i%)i!tli& A I[ t I I  + ~ilylb(6,t) li. 

Some faaturee o f  the warld WB daecrxbed k q  the 
Zmetisna which d ~ p a ~ &  sn a aituatfon p a p a  
r ~ a a ,  s b g m  %he @@@as i a  in eituatisn s" 
blood p r s w i a ~ ~  aP e~ f i v e  mifi~tes a 
&LBO& J . . F ~ ~ ~ w E  (8, (5,~))~ T h i s  i a  an 
-.-dm" a"+-" ___ --"_ 
~ s n g ~  ~%s& ion ea lcaue*  6w fo~aalism gafm 
a n w  atrawth ires the w e  o i  s i tsat  d@pe&snt objact 
f umtiem, The term% i & ~ @ X v i w  %has@ $ i a w  h&ve fa1 
 ado^ ts be a%& aa pmmet@~& o f  rabet e actiaaa* E@w i t  
waska n ~ &  %ha% a a ~ t  o f  p r ~ b l ~ w  5% ~~~g@@-will be illnetram 
%@6 by tLs Qcjll~%fw ~ x a p l e s ,  

4 e f& t  3*ives in a mga sf ponag I 9 (sae Fi e 11, some 
~i %hick m e  comeeted bx dears* Let us &&opt ths mi@@ 

The e%% can 
a' laPF %hraaigk the tlsfq tha operatar (XBY r@! I 

c-,. ,-- tpe~uLaxta C-5Gp (x,y ,a) sf which i~ "Lkm G B ~  18 JE 
rou& 8 n ~  %hers i a  a open d a a ~  bg%w@gn x a& $@ a&& tbs 
~ 9 9 ~ 2  ' ; ; " %kg ~ 8 %  i a  5% %hs FOOB y@ Ths a x f m  8eaeribfq 
y 5 e  " ~ 9 % ; ~  f ,  

Tha :a$. l."enLai phaaomem Xnc qoia (.% y )  -- @f 
fey YW Z7 $25. 



b) Open (c l s se )  the doors Betwean aw t w ~  adjacegt rs@- ueriw 
soma aeckaxriem aitnated i n  the sag10 Eo.l+ The eoMitians 
a% both  t b ~ a e  aetioxts IX,Y , @ I ,  ' (x,$,B), w8 the  
rsme "the ca"eia 59 the rQnB Noel a ~ d  the rots= s9,y -@ 
adj&eaatR the ~ 8 8 a t 8  wb ""the daor between x,y is opene, 
'the ~ Q Q F  betwcseg xBy is clossta", Pesp, The eowssepomzdiw 
azf@as m e  

The incidental phesomenn of the operator cxByl imX%a@ 

W O R ( ~ ~ , % ~  g ~ )  8WOR(ax,%2, 

< ~ M O R ( Z ~ ~ ~ ~ ~ )  7 WQR(g2g%, 
S h f Z a r u  f o r  8 (x,s te)  @ 

There l fvea a @@use i n  th ia  mze.@The lnouee is all 
tha tiae ba the It react@ an q cat  e ac t ian  by a aove 
t o  ona of tba P O ~ B  wh%eh i a  adjacent t o  E t s  gressnt pss i t i@n 
aa4 the door a f  ahieh i a  open, L e t  uq suppose, %hi: the Baa-. 
ee ea ntave is ekufrtensoas t o  aw cat a actiols - Lhc~y end a% 
the ssms tinre, L e t  .%he p o s i t i o n  o f  the mauae be dgrzrrted 
pmouee(a), Then it halde 

V s  IB(gauee, (a>  , a >  
&sreaver P e t  the ca t  b s  able t a  dated% someh@w the actud pow 
s f t i s n  of the mouse i n  the mass. The acquPsiLian sf t h i s  kncrw- 
%edge i a  not aecampaniea by q ~ h w 4  i n  the world - the l a a t  
 ad^^ dsee  not ehange &he situation. Thee posaibJe diff"%rsn% 
staters can r e s u t  fsom the O r i g i N  one a L e r  ca t  s ra@vr% tcr 
the FQOB 1 i~ F i  

B e  arcs 40 "or s w@rld with a sola agent* The pssat 
of the e a t  s action E ~ M O Q  be s e l i a b u  predicted - it depend@ 

The aetione of the 
e the r s ~ l d  but  theee 9 ee should ns t  be i a ~ l u -  

dsd i n  the &eecrip%ion of the sat a opsralssa-these m a  mch 
Bare genekd a& coUd be used even i n  d i f fe r sa t  p ~ o b l e a  ga- 
m a i m e  Such chawes w e  agaia incident& phanaaem sf eat s 
ac t iow : 

Get the anours@ be i n  re@@ y , e )  l e t  ba q 
cat e aet ion d s i e r e n t  tbea la=" (25 ,y,@), 

m s  f ~ o a  Ine r c ~ , ~ ) '  



Uo~~sver sappose that it holds %or the r~arainiw ectiom: 
the aau~e daea not t q y  &Q @lip t b a u g h  the c a t  s pawsB i . e ,  
en 

'BE yute c x ' % A )  i~clude the pairs : 
<S.'Liiraonae,z,)~)BL( 3 2 i l ) ( a 2 1 x  & D ~ O R ( E ~ , Z ~ ~ B ) )  ; 

pplousa(&&(x ----- ,z ,e l)  f . , 8r (X ,Z  $8)) f X )  

Fha msuse i s  &*aid o f  a a s v i ~  dosr a ~ d  ref,raiw  pro^ ita 
imludes I Q ~ @ ~ ~ ~ ' ~ , ; ~ ~  

.LB(mauae,z, ,a) B 4 m, (z 2 f y & DOOR(z, , e ,  , s )  ; 
paausa (( 0 

(g4,y,g1) + z 4  2% a ,y,4)+ 3: 

IN(mauae,z ,.a) & f Y B ~ ) ( D O O R ( E ~ , Z ~ $ & )  2 L =  Y)  ( 

p%0%8@$ -- - @~sdgs ,,y ,a)) % ,) 
The c&tSe problem is givens bx the i n i t i a l  an& the g a d  si-. 

$",ua%ian on F i e r e  3. The cat  haws that  the  f o % l a w i w  P o ~ a a a  

;denoted X ']'a ! 1 hard@ 

am3 seeks %$a s t a t a  i n  which the fo raua  Y 'jets I( h s l d ~  

~@:[aj = (IN(mouac,B,e) (L ( Vy) -I DOOR(y,8,s)) v 
bp & Cvy i 7 N O R ( Y ~ ~  ) 

X t  i a  net dWficU% ts prove f rom the above axiolaa wna 
acme additisad ones B e s c r x b i ~  the gesm@lm of the ma%@ that 
X " i k  -1 -+ ( 3 a)Y " 1 C d  ,Mtap  ecfrsltemiaatian Lheae axiom f o ~ m  a@ 
o en t h e o ~ y ,  Ths Bilbsrt-lcke~nta~n thesrera e m  be uagd to spe-. 
e f fy  . f i n i t e  ~ g t  iZ* af vmiab$e fZ lgB s i t ~ a t i a n  terms f o r  
which i t  is provable, that  

~ " i i e . ~  -+ a &  V ' j ~  s ~ Z  i ~ ' l [ ~ ! /  ) 

( ~ b  , A d a n ~ t @ @  ~uBstit~%iOn 132 *$; f03a a ie A ) .  

There 82s a e ~ e r a l  such aets i n  t h i e  ease, el&, 
'",% jclos@* --- - (5, (note" (1,2 $8 11,  
?;= jclosd h e -  (5, 
" =  {clo-e0i5  - 6 L o e n 0 ( 1 2  r -  clcsea(5,8, 

rar 

T h 9  fimt set J,sugggst~ a most i x % $ u i t i ~ e  eo lu t ion  o f  th@ 
abova ~ F O ~ ~ B B :  @a sat gsea t o  tha roo% 1 a& eloa@a %ha d @ @ ~  
thriiugh which the mouee l e f t  - the room 5 (reaetillg to the 
cat a ~ s v a ) " ,  Fha sslution - reprasante a branchiw plan : 



1, -" -- (2,1,9 ) 
2, if ths Bauss i~ in room 8 % h e ~  clsse the $@or between 5 

arid 8, othemise cLose door bstweea rasms 5,6, 
This solution neede again the cet'e a b i l i t y  to detsc t  ths 

i m a d i a t ~  pogition of a aouaee Xn this caas %hers @xi@%@ a l a o  
e splution Tx ~rbicb i e  rather long  but independent o f  the 
eat a ability ts i d e n t i 0  the mouse e positioa, The c s r ~ e c t -  
nem o f  t h i s  l a a t  solution %e proved by the series of 
d r g w i q ~  .- Figure 4$ 

P C o ~ p ~ ~ i ~ o n  of th@ ~ ~ I ~ t i o a  B Q ~ B  ci", , Jr @ha@@ t ha t  the 
solu".,o,w K, YJ u s i w  %ha ability of the eat @to find out 
the imediate position of the mouae" are more understandablp, 
~asfer to prsvc e~rsset am3 &Lao shorte~, The m m b e ~  a f  cat  s 
ecliom in the @olutiom y, g& J, ig the atma but 5% i a  
eeeiw to eatablilih it froPr@Che ~lolutian , becaucle the 
sead for deteetisn of mousg 8 position in is hidden i n  
ths n~ceasiw to deeida @hick path in t h ~  bsanchiw plan t o  
Z0lZ@%, 

The uae of atate depeden t  ob jec t  funetioae &Paw& to dew 
sefibe a l s a  dfPferent glws in pre&icate caleuXus, BOW ~ a a d  
the m i o m  lo& like for same kind s f  tws pareoa %hie% P 
Let P(its) , i = 1,2 mean that the peraon i ia to play 
ons a f  h ~ a  c m d ~ ,  

The aatian @i d i s c m a i ~  x of the first pereon (~$1 )  
i s  speeifi~d by i t e  obviaue eoMit isn  

2 irybjj  ~(l,s) & IH MmtE,x,8) 
Y*"< 4 

Thr? result ~?-p&-~-__l' (x,s) describes the world in which the 
sacawl p 3 ~ y w  alreaay a m w e ~ e d  by d i & e m & i x g  one of his gar&&: 

D w i a g  akole~ieat5en of this axioa tth eewssteatial gumt i . -  
Tier :! y is replace6 b~ thg fwction h(x, 4"(x,s)) -- ths 
valw o f  which can be obvioaeQ aim& @ in th@ @%ate 
es~respondiq to the eituatfsn " (x,e), The incidsntd 
axiom aake a w e  that the c w d a  d ~ f l 6 r e n t  than x am3 
h(x,p&g-_&"~,s)) a t w  in haad8 of the pl&;~~r& a8 b@f@~6~ 
e.g+ a # x ,  e +- h ( x ,  b , % l  ) 

X i ,  XNmm(i,z,  "(x,~))) e I~G i. (xJ 

Dually, with the condition P(2 ,s) , eoul.d De axiomat%&& 
action of dieecrrding o f  %he seconc? plrrjisr - pla;y :(&@), - 



Le t  the f~r~pet i~a ~.=ba~t(i~s) dsnote t h s  mom% of pips 
of cm&a the p X w e ~  hgs gained up %a t h ~  aituatisn 8 . Th@ 
c m d a  a r e  ordered, t he i s  o ~ d a r i w  is denoted c The aext 
poaaible save is t o  t&e : 

The goal  i n  the pXw i a  t o  rsaeh a stat% iin whish 

Suppoae %e wet ia tereatsd o a  i~ aa endiw of a p l ~ y  
deecribed by tho f o l l a ~ i w  fagste: 

3) both pXwere h v e  i~ hmd J w t  2 emds  l e f t  
( + i = X s 2 ) (  Y ~ + , Z ~ , ' L ~ X  A 

5" 3 
Df i , z j  ,s ) + z,=z, .i z,=z,)  

4) both cmde of the @&COM p l ~ e r  h~et t h ~  8m@ &a%% 
5) the carde s f  the first p l w s ~  b a ~ a  t v a  differe~t aa i ta ,  

The F w c t i o n  f (y ,a) detsrminea a c w 8  which h8 the plqym 
e r  1 i n  a in d which i s  of a d i f l e ~ s n t  s u i t  than y 

It can be p ~ o v e d  f ~ a m  the above axiama and %be fact@ about 
the i n i t i a '  aituatiors. s .  t h ~ t  the g o d  state of the f i r a t  
plver e m  be reached, i,e, Q q  s)Goal(s) is p~ovgble ,  The 
situation t e r n  d e s c r i b i q  tk ia  s i t u a t i o n  is aa fall~we: 
denote s 4 =  plw Y ( f ( a ) , a  1 ,  a =  h(x,play -- l 0 ( x , s  ) )  then 
the desised s i tua t ion  is 

p l a y  --- lo - (P(f (a) 1 ,%ake0 iP(a) ,h(f (a)  ,e 1 ,plw lo (P(a1 ,B ) )) .  

T h i s  ealut ion a d v i ~ e s  t o  the first plwsr to lead %he 
card which haa differeat s u i t  than the c a d  which the @@cam2 
p l w e r  s a a d  use aa an "amwcr" t o  a moPe o f  the first one, 
T h i s  %auld a l low %he firs% plwer Lo f ind the s u f t  of c & r B ~  
which has the sscamsd p l w e r  accordiw La Iha description o f  
P ~ W  l o  The re@% sf the proof %hat t h i s  advice i a  r e a s a ~ ~  
able is trivia%, We c a  aee tha t  the aalut ian of the proble~ 
in earda i a  clever but uaeless M e e e  the  f S r s t  plqyer f i M s  
the value ai the f m e t i a a  hi$, 0 (b ,s  ) )  f o r  sane conam 
tmt b ,  ~eve8Xiq tha suit s f  c a d  pfwer 'bp BOB& 
i l l s g a l  

The last ewaap%e calPs a t ten t ian  t o  the farm of aximm which 
describe the wsr ld  an4 i t s  c h ~ e s ,  The Gauss of the dgduem 
tion a f  uaelese s s l u t i o n  was the axiom descrfbiw 
which a t o  deduee e thiw %bout the formar 
from a ae d ( 3 y ) c I  m{2,y8s)h e.,)), 

f o r  res t r i c t ione  which would makg t b s  problirnr solving in pre- 
dicate caleulns a d e  agai-$ such mappl icable  aalutxonn, 



Let us define by innduetian an o r d e r i ~  af s i t ua t i sn  %e~ma 
of the s i t ua t ioa  ealcEL2ua with abject Pu~ctianw depeMent a t  
naaaat an ane situation m at and evew sitanation f u c t i o n  

on am s i tua t ion  rn n t  aacf passibly aeoesel object 
emrta, I n t u i t i v e u  t rderirrg xgsans t f r ra t  sowa s i tua t ion  

deacribed by the s i tua t ion  tern t 4  @occurred em$ier@ 
Lhea %ha% deacribed by t, (t, .r- a;,)& 
DePinitiorn: The o d g  -5 I-sabtern of a variabxe s i s  s 
and of the conestant a .  is  s . . Let t be a s i tua t ion  
term of the f o r m  i p g B S t , ) ,  where y is a ~ i t ~ f a t i o n  f m e t i o n  
s f  $he t h e a v  

- er cornideration, a is a sequence o f  ob= 
jeet %era8 of %he a p p r ~ p r i ~ & ~ ? t  l e q t h ,  t , a situatisn term, 
A situatiorta t e rn  t '  is -e-subterm of  t iff i t  i a  e i t he r  
y G , t , ) ,  a%-. i e  *-subterm of t '  

Definition: Let t be a s i tua t ion  term, Am obJect eoastant 
a r  variabls  i a  - t o  t ( R T ( t ) ) ,  
L e t  f be m o mgmente am) then 
the term f c a , ,  ..,, a,) is R T ( L )  iff each a , ,  i " n  is RT(t). 
Let h be an abject fQnetion w i t h  oa3.e aituratia.sn argment B-sr 
a situation fuactican, then b , is RT$%) i f f  
each ob jec t  $era b . ,  i L m  i e  R T ( t  1 sad t , is  +--sukterm 
of t end t , is ~ T 6 t , ) .  A ai tuat ion  t e r s m  is r e g a m  iff i t  
i a  reguPr;~ w i t h  respect t o  itself, 

Theorem 
K ba an open theow of s i t ua l ioa  eaPcuPus wi%h u k o m a  

a f  %.;do types o d y :  
a) core axioms ( * 8 )  A B]/~ u:here A is formula uniform w , r . s  ,in 

%hick a l l  maxhally o c c m s q  ter~18 are r e e l a r  WT(a) 

b) t ~ a n s i t i o n  axioms ( -Ss) ( ~.I[aii + ~ ( % , s ) i /  ,where p i s  B 

~ i t u ' l t i o n  f"unc"ton, A,, hi, are o p m  for;u12s unifmf:  ~ Y O T S S  I 

"p3Cs) in which a l l  moxicia$ly oecur.ixx terms a r e  i?a ' (<  5 
RT( k"(x,s)), resp,, &d is sequence of allv$~ee 
objec t  vaaoipablea af the Earmu& A ,  dk A 2  

L e t  the problem i n  K be spees i ed  by the lia.onmopen formula 
a (4s) ~i [s l i  $ 

which can be itramformed into a prenex n o r m  fapa ao ,thi~%t 
it@ vwimt does m t  iaeluae aw ?f qaant i f ier  ma es~h ob- 
ject  ternt mnxi 13 occmpinf$ i n  X I[ a31 , Y i[ s If is remar 
t e rn  with reapset t a  a ,  , a , reap, This fo~atzaa i d  p r o v ~ b l e  
ilia. K iff there i a  a f i n i t e  ~aet 3" af r e g a m  vmiab le - I~ee  
a i tua t ion  t a m s  of K s ~ c h  "$at 

K r X \ ~ S ~ I ~  + v  x \ c t J \  
t c J  

This theorem d e s s r ~ e a  a v e q  @ m e f a  intaspretat iaa,  I n  
o w  former papar / 6 /  we h v e  sh~3wa know a f ini te ae t  of noam 
--open r e g a m  %eras can be iarrterp~eted as a wogrm f o r  



avfour, p~ovidsd the robot haa an explicatisn 
@r a given theow (he is able to detecL the a c t u a  
aLZ functiom A% a g i v ~ n  imta~t], 
us But ~ u p p ~ c a n e 3  ~ o M i t i o n  for the f~esibilitg 
g ~ m  %a@ the robat s fvlX %&ormation &but the 
ts @f tha world, Thc specified set of 8eituation 
be interp~eted aa a prapam f or robot 8 beh~visur 
ths fobot k ~ @ w  m c h  lcse about hia eavi~oment, 
able to dscide whi& conjunction A A sf co~&i-- 

ramitisn m i o ~ s  ia true in the carreat world i f  

sd &bout ths c o r ~ e ~ g o n d i r g  atate L (represen- 
egulef noamnopen terrc). Let uae c a l l  this a 

usly a sabot, shich i~ &apposed to have fa3-l i&oraa-- 
out the f a c t s  in the emrent  world,  e m  easily verify 

forada i@ true in his sur~gnt e~virsnment 
aod91, He h8a then the &%cision a b i l i * ~ ,  
afso the explication property, ha cgn 

use the situatjon eal~ulus for h i a  plamiw, 
is not the sole agent in the warld, (see the eat 

let us eomider the ~ s b o t  ~ h i e h  i a  the 
srld, but h s  ns t  a co~plets knawledge 
in t h ~  emiroment, Let us auppsae, the% 

lity Lo find out the faeta &boat the en- 
ghich appem in ca&ditism of tranaitioa~, when hs 

ba done in such a w q r  that the iaquui~y 
ha iaeta the r s b a t  had proved or achievsd 
s,g, a c~refal explora%ion of the 
i@ performed by the execu$iv robot of 
e robot e ~ d s  the explsration In hi@ prb 
hia activity 99 daacribed in the aituam 
axim 8. ( 3 )  ( Y x j  $, 3 y )  INlx$y,s) 
IN(x,&oe(x)s) ,s) . 
c~tion i i i i l x t y  f ~ r  ths thsory atatee: 
object can be fsuad* In this case it 
n ability dne ta the fact that the fsbot 
ept hia acquiaitiaa of aoaa new 
oration, Boreover the worlb daea g@t 
eLed sr anpsedict9d change, T h a ~  the be* 
i ~ g  robot of SiLlo~8y can be plamed in 
w i t h  situation depe~dent object fanstiam, 
a both explication and decision abilitiee, 
itxtereatiq Lo s p e c i f y  lucid necessary een- 
ths p l a m x ~  of a robot in meertain @am 

cen use the situation calculue (e.8, what problem 
a %be cat if he is not able to decsd~ whether soas 
eg os cloaed at the g iwa ~ ~ a e n t  -. and 

oxa the fo~aer pasitions of 
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Legend : 

the d o o r  Is closed 

- - the c'dor is c2cn 

" c k e  p o s i t i o r ,  ~i"ikl10m 
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Introduction - 

For  o v e r  t e n  y e a r s  of r e s e a r c h  i n  a u t o m a t i c  theorem p r o v i n g  
t h e  axioms and t h e  n e g a t e d  theorem ( t h e  i n p u t  c l a u s e s )  g i -  
ven t o  a theorem p r o v e r  (ATP) have been c o n s i d e r e d  a s  a 
s e t  o f  c l a u s e s ,  t h a t  i s ,  t h e y  have been t r e a t e d  w i t h  a s  
l i t t l e  i n t e r n a l  s t r u c t u r e  a s  p o s s i b l e ,  The t r a d i t i o n a l  rs- 
f inernex t  i s  a p r e d i c a t e  r a n g i n g  o v e r  c l a u s e s  o r  l i t e r a l s  
and i s  used i n  o r d e r  t o  c u t  down t h e  s i z e  o f  t h e  s e a r c h  
s p a c e  and a l m o s t  a l l  e f f o r t  i n  t r a d i t i o n a l  r e s e a r c h  on 
a u t o m a t i c  theorem p r o v i n g  was s p e n t  on f i n d i n g  such  p r e d i -  
c a t e s ,  
T h i s  view i s  c o n v e n i e n t  b u t  s t r a n g e ,  s i n c e  t h e r e  are many 
p o s s i b l e  ways t o  s t r u c t u r e  t h e  i n p u t  c l a u s e s  and t h i s  
s t r u c t u r e  can  have a d r a m a t i c  e f f e c t  on t h e  behav iour  o f  
t h e  ATP:euen t h e  s i m p l e s t  such  s t r u c t u r e ,  t h e  o r d e r  i n  
which t h e  c l a u s e s  a r e  w r i t t e n  down, h a s  such  an e f f e c t ,  

Only r e c e n t l y  s e v e r a l  workers  i n d e p e n d e n t l y  c o n s i d e r e d  t h e  
i n i t i a l  i n p u t  c l a u s e s  n o t  as  a s e t ,  b u t  a s  some s o r t  of 
graph s t r u c t u r e  - t h e  g raph  i t s e l f  a s  w e l l  a s  t h e  pro-  
cedure  o p e r a t i n g  on it b e i n g  d e f i n e d  i n  v a r i o u s  ways: 131, 
f 9 1 ,  [ I 0 7  and [ I l l .  
From a l l  t h e  g r a p h t h e o r e t i c  approaches ,  K o w a l s k i f s  connec- 
t i o n  g raph  proof  p rocedure  E31 a p p e a r s  t o  have t h e  s t r o n g -  
e s t  impac t ,  t h e o r e t i c a l l y  as w e l l  a s  i n  p r a c t i c a l  t e r m s ,  
on a u t o m a t i c  theorem p r o v e r s ,  
I n  practical t e r m s  t h e r e  a r e  remarkable  e f f  i c i e n c y  improve- 
ments  o v e r  e x i s t i n g  proof  p r o c e d u r e s :  
- The r e s o l u t i o n s t e p  fo r  a p a r t i c u l a r  p a i r  o f  complementary 

l i t e r a l s  i s  done once a t  most ,  ( S i n c e  t h e  Link i s  d e l e t e d  
a f t e r  t h e  r e s o l u t i o n s t e p . )  

- The u n s u c c e s s f u l  s e a r c h  f o r  p o t e n t i a l l y  u n i f i a b l e  l i t e r a l s  
i s  e l i m i n a t e d ,  and 

- a " c a n c e l l a t i o n "  p r o c e s s  s i m i l a r  t o  W a l t z ' s  1 4 1  s c e n e  ana- 
l y s i s  program (known t o  workers  i n  t h e  f i e l d  o f  A r t i f i c i a l  
I n t e l l i g e n c e  a s  ""jigsaw phenomena" ")leads t o  a s t r a n g e  and 
o f t e n  enormous r e d u c t i o n  i n  t h e  s e a r c h  s p a c e ,  

F u r t h e r  advan tages  a r e  " t h e  maximal confus ion  it makes b e t -  
ween s e a r c h  s p a c e  and s e a r c h  s t r a t e g y "  f E31 p. 5 8 9 )  and t h e  
e a s e  by which p a r t i c u l a r  known s e a r c h  s t r a t e g i e s  can  be  si- 
mula ted ,  
The c a n c e l l a t i o n  p r o c e s s  i s  a l s o  t h e  main r e a s o n  f o r  t h e  
s t r o n g  l o g i c a l  i m p a e &  of  t h i s  p roof  p r o c e d u r e  and it p a r t i -  
a l l y  e x p l a i n s ,  why s a m e  of  t h e  t h e o r e t i c a l  problems (comple- 
t e n e s s ,  soundness  and o t h e r s )  have been open now s e v e r a l  



y e a r s  'i' To d e m o n s t r a t e  t h a t  comple teness  and soundness  of 
t h e  c o n n e c t i o n  g raph  p roof  p r o c e d u r e  a r e  n o t  a t  a l l  ob- 
v i o u s ,  c o n s i d e r  for i n s t a n c e :  

I <X(,L> III < L , R , s ~  T V  <S,T> 

(i) v <R,T> 

I resolving upon lrnk 1 : 

' P F Q 8 I . I '  

I -  - 
< P r Q r M >  

l i-- r ---- ' i P >  <ii ,Q> ( i r )  <P> 1 < f l i , ~ 9  I 

<p. I <Q> I 

- -- - i I -- i 
- 

Resolving upon l i n k  1 l e a d s  t o  a t a u t o l o g y ,  which i s  d e l e -  
t e d ,  hence  I and 11 a r e  d e l e t e d  s i n c e  K,K is now p u r e ,  S i -  
m i l a r l y  c l a u s e s  111, I V  and V a r e  d e l e t e d ;  i , e ,  a f t e r  one 
s t e p  t h e  whale connec t iongraph  ( i)  ' s h r i n k s '  t o  (ii) and it 
i s  i n  g e n e r a l  n o t  obvious  whether  t h e  reduced g raph  s t i l l  
c o n s i s t s  o f  an u n s a t i s f i a b l e  s e t  of  c l a u s e s  i f f  t h e  i n i t i a l  
one w a s  ( soundness )  , I t  i s  a l s o  c o n c e i v a b l e ,  t h a t  some of 
t h e  d e l e t e d  l i n k s  may have been n e c e s s a r y  f o r  a  d e r i v a t i o n  
( c o m p l e t e n e s s ) .  

2 o u y ~ d ~ ~ s s  - - at the Ground . - L Q  L J Q  E 

I n  t h e  f o l l o w i n g  l e t  S b e  an  u n s a t l s f l a b l e  se t  o f  ground 
c l a u s e s  and l e t  <S> be t h e  c o n n e c t i o n  graph o b t a i n e d  from S -  

The proof  p roceeds  i n  two s t e p s :  f i r s t  w e  show t h e  sound- 
n e s s  f o r  a  s p e c i a l  d e r i v a t i o n  ( t h e  a - d e r i v a t i o n )  and t h e  
g e n e r a l  r e s u l t  t h e n  f o l l o w s  from a  Church-Rosser-Property.  

D e f ,  1 , 1  : An a - d e r i u a t i n ~ ~ s t e p  
-- -- - -. . -- 

< 0: <SZS 

i s  d e f i n e d  a s :  

(i) s e l e c t  a r b i t r a r i l y  some l i t e r a l  Lo i n  < S  I > 

(Li) f o r  a l l  l i n k s  i n  M ( L o )  form c o n n e c t i o n  
graph d e r i v a t i o n s ,  where F ( L o )  i s  t h e  set 

o f  a l l  l i n k s  c o n n e c t i n g  p o s i t i v e  and nega- 
t i v e  o c c u r r e n c e s  of L o ,  

An a , - d e r i v a t i o n  is a  f o r m a l i z a t i o n  of C o l m e r a u e r B s  cance l -  
l a t i o n  sys tem ( 7 )  i n  [ 3 j 1  and is  a  g e n e r a l i z a t i o n  of t h e  
o n e - l i t e r a l - r u l e  of  Davis  and Putnam ( 7  3 .  
Note t h a t  e v e r y  occurence  of Lo and e v e r y  occurence  of  L o  

<S i i s  p u r e  a f t e r  ; i . e .  <S > does  not c o n t a i n  any 1 2 
l i t e r a l  Lo n o r  i t s  n e g a t i o n *  

t h e o r e m  Z , Z :  An a - d e r i v a t i o n  i s  sound;  i , e ,  Let: 
* < > C-- isn> 

1 CY: 

t h e n  Sy i s  u n s a t i s f i a b l e  i f f  Sn i s -  



The proof of the sowdness and empleteness for a-deriva- 
tions is not too difficult using standard (model theore- 
tic) proof techniques of automatic theorem proving. The 
difficulty in establishing the general result is precisely 
that the usual standard techniques appear to fail, Intui- 
tively the difference between a-derivation and more gene- 
ral derivations is that in an a-derivation no unifiable 
literals exist which are not connected by a link, 
In order to prove the soundness for an arbitrary selection 
strategy we therefor prove a "Church-Rosser-Propertyg' for 
connection graphs of which the soundness is then an ime- 
diate consequence, 

t o  2 2 : (Church-Rssser-Property,  ) Let: 

(i) <S > <S > be sorne derivation o n 

(ii) <So> f-$ <S,> be some a-derivation 

Then exist derivations with 

t h e o r e m  1 , 3 ,  : (Soundness. j Let So be an unsatisfiable set -- 
of ground clauses; then for any derivation 

Sn is an unsatisfiable set of ground clauses, 

CompZeteness  at t h e  ground  l e v e l  

The following example shows that an arbitrary selection 
strategy will in general not be complete, since sorne essen- 
tial links may never be selected: 

'i' A f f e r  we c i r c u l a t e d  a f i r s t  d r a f t  of this paper ,  F. Brown, Univer- 
s iky  of E d i d u r g h ,  s e n t  us  h i s  personal  n o t e s [ l ] ,  i n  which he also pro- 
ves t h e  completeness of var ious  C-graph s t r a t e g i e s ,  H i s  no t e s  were con- 
p l e t e d  p r i o r  t o  ours.  W e  also acknowledge a  h e l p f u l  d i scuss ion  on the 
not ion of "covering8 ( ' exhaus t iveness '  i n  h i s  no te s )  wi th  F, Brow, 



The most imediate criterion for a selection strategy to 
be complete would be to ask that every link is "covered" 
by that strategy, i,e, that every link is eventually re- 
solved upon, Unfortunately no selection strategy exists 
that could fulfill this requirement. Moreover one would 
like a condition as weak as possible, shared by as many 
strategies as possible. For that reason we define covering 
as follows: 
Def, L 9 :  A selection strategy B is covering if for 

every link I in cSi> r < < S  > >  1 < s . > ~  i E FJ; 
I 

there exists a number rn ,such that after m 
1 I 

derivation steps 

link 1 does not exist in <S > ,  
i-t-m, 

.i 

In [81  we provc the completeness for derivation strategies, 
which are covering in the above sense. We also exhibit an 
example to demonstrate that the connection graph proof pro- 
cedure is not a decision procedure at the ground level even 
for covering strategies, 
Ti .: P I C '  / ; g . , L p C ? :  ;,e?yeZ 
- - - - - - -- - - 
The completeness at the general level is established by ""lif- 
t i r , g "  the completeness result 'of the ground level, Once the 
basic 'trick6 is discoveredl the lifting itself is more or 
less t-ethnical and does not provide much insight into the 
rnecha~ism of the connection graph proof procedure, 
The 'trick' in the lifting results rests essentially upon 
an obvious factorization of the Herbrand universe, In parti- 
cul-ar if S is just one clause C, we will write P ( G )  for the 
set of ground clauses obtained from C; i,e, a set of ground 
clauses can naturally be recarded as a set of equivalence 
classes; CIT is a .;round clause: 
D e f ,  2,2,: 

For C C; t P ( S )  and C E S :  
1 '  

iff C' t P(C) and C2 E P ( C )  
1 

That rs, essentially we are considering the factore2 set P(S)- 
~nduced by - - *  With these definitions we define a napping from 
the fartored ground graph <Sg' onto the graph at the general 
level - S >  : if I S  $ '' (the predicate induced by that mapping) 
holds, then there is a corresponding clause at the general 
level for each ground clause and every link at the ground le- 
vel corresponds to sore link at the general level, 
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Abs t r a c k  
Some problems w i t h  e x i s t i n g  f o r m a l  r e p r e s e n t a t i o n  l a n g u a g e s  are 
d i sc r r s sed ,  an:$ a n  a l t e r n a t i v e  s e m a n t i c s  i s  p roposed  t h a t  a t t e m p t s  t o  
b u i l d  r n  a p a ~ t i c u i a r  v i e w  of  t h e  wor ld .  T h i s  i s  e s s e n t i a l l y  t h a t  t h e  
wor ld  c o n s r s t s  of o b j e c t s  whose p r o p e r t i e s  are d e t e m i n e d  by  t h e  
p r o p e r k i r s  of t h e i r  p a r t s .  The s e m a n t i c s  a l s o  makes p r o v i s i o n  f o r  
predicates L O  have  i n t e n s i o n s  a s  w e l l  as e x t e n s i o n s ,  s o  t h e y  c a n  b e  
r e < $ s o r e d  a b o u t .  The i m p l i c a t i o n s  o f  t h e  s e m a n t i c s  are  d i s c u s s e d  w i t h  
p ~ r t i r u i ~ l r  r e r e r e n c e  t o  t h e  problems of  r e p r e s e n t i n g  change ,  where i t  
7 5  c u n t r d s t e d  to the approach  t a k e n  i n  STRIPS and  t h e  S i t u a t i o n a l  
C*a 1 ~ ~ 1 1 ~ s .  

Desi r i p t  Terms 

K e p r ~ s e n t a t i o n a l  Language,  S e m a n t i c s ,  R e p r e s e n t a t i o n  o f  Change. 

I x ~ t r a ~ l u c  Lion -. 

Xn t h i s  p a p e r  we s h a l l  b e  conce rned  w i t h  t h e  m o d e l l i n g  and 
r e p r e s e n c a t i o n  oP non-mathemat ica l  domains s u c h  as are  t y p i c a l l y  found 
j n  p lanni r rg ,  p rob lem-so lv ing  and game-playing.  

One b a s i c  approach  t o  t h i s  t a s k  - t h e  d e s c r i p t i v e  o r  a x i o m a t i c  
, ~ p p r o a c h  - i s  t o  model t h e  domain b y  making t r u e  s t a t e m e n t s  a b o u t  i t  
i n  some f o r m a l  l anguage  ( t y p i c a l l y  F i r s t  O r d e r  P r e d i c a t e  C a l c u l u s  - 
Y O P C )  Me can t h i n k  a f  t h e  domain a s  b e i n g  r e f l e c t e d  i n  o r  model led  by 
a iimrIe4 ( i n  t h e  T a r s k i a n  s e n s e )  cf t h e  s e n t e n c e s .  

l J h i l e  t h e  d e s c r i p t i v e  approach  h a s  many d e s i r a b l e  f e a t u r e s  ( p e g ,  
s e e  Hayes, l977), i t  h a s  p roved  e m b a r a s s i n g l y  di-f f F c u l t  t o  e f f e c t i v e l y  
a s e  i t  i n  even  toy problems - one  g e t s  b e d e v i l l e d  b y  monkeys s t a n d i n g  
on t h e i r  own s h o u l d e r s  t r y i n g  t o  r e a c h  b a n a n a s  t h a t  o n e  c a n n o t  sl-iorq 
a r e  s t i l l  i n  e x i s t e n c e .  

In t h i s  p a p e r  we s u g g e s t  t h a t  i t  i s  n o t  t h e  d e s c r i p t i v e  approach  
per s e  t n a t  i s  r e s p o n s i b l e  f o r  t h i s  f a i l u r e ,  b u t  r a t h e r  d e f i c i e n c i e s  
i n  e x i s t i n g  d e s c r i p t i v e  i a n g u a g e s  and t h e  way t h e y  a r e  u sed .  

IT01 Ic;-t'iek~!, 

A r < n t r a i  t h e s i s  of  t h i s  p a p e r  i s  t h a t  any  d e s c r i p t i v e  l a n g u a g e  
has .-o:ie " t a o r l d - v i ~ ~ ~ ~  - i . e ,  i t  h a s  b u i l t  i n t o  i t s  s e m a n t i c s  c e r t a i n  
v~ewpc'ia~r-, a b o u t  the domains i t  models ;  and  t h a t  d e f i c i e n c i e s  i n  t h i s  
r-l,jrId-vici.a h a v e  s e r i o r ~ s  conseqr lences ,  n o t  o n l y  i n  a x i o r n a t i s i n g  
J o ~ ~ a i r ~ r ,  b i t  il%<) j n p r o v i n g  thcorerns i n  t h o s e  domains-  

!!hat t h e n  i s  FBPCgs world-view? An FOPC model c o n s i s t s  o f  a set  
o f  -n: ~ ~ i d r i a t s  i o g e t h e r  w i t h  some r e l a t i o n s  and f u n c t i o n s  on  t h e s e  
indsviduals t i2 i n b e r p r , t  t h e  r e l a t i o n  and f u n c t i o n  symbols  o f  t h e  
l a i~gu  i,e& T h l i s  FOPC embodies  no  commitment t o  any  p a r t i c u l a r  s p e c i e s  

i ~ i j ~ ~ ! d a L  - r e  e s s e n t i a L 1 y  c a r e s  o n l y  a b o u t  t h e  r e l a t i o n s  o n  them. 
A s  t ?r a? r l l e s ~  r e l a t i o n s  g o ,  t h e i r  ohm p r o p e r t i e s  (e .g .  t r a n s i t i v i t y )  
' I T I ~  r le i n e e r r c l a e i o n s h i p s  be tween  d i f f e r e n t  r e l a t i o n s  c a n  b e  c a p t u r e d  
only by mesns oE t h e i r  e x t e n s i o n s  . Thus t h e  r e l a t i o n s  themse lves  are  
n o t  6 1 reci by avai l a b l ~  f o r  d i s c u s s i o n .  

:><)me consequences  of   his s e m a n t i c s  c a n  b e s t  be d i s c u s s e d  in t h e  
t onti:),t ot a s i m p l e  example.  m o s t  n a t u r a l  way o f  u s i n g  FOPC t o  



model some sirnple wor ld  is  t o  t h i n k  of t h e  i n d i v i d u a l s  i n  o u r  model as 
cor respond ing  t o  t h i n g s  i n  t h e  wor ld ,  and  t h e  p r o p e r t i e s  and r e l a t i o n s  
i n  o u r  model as c o r r e s p o n d i n g  t o  p r o p e r t i e s  and r e l a t i o n s  i n  o u r  
world.  So t o  c a p t u r e  t h a t  some o b j e c t  is  r e d ,  o n e  t y p i c a l l y  a s s e r t s  
Red(b) ,  where t h e  d e n o t a t i o n  of o u r  c o n s t a n t  '%b" w i l l  r e p r e s e n t  o u r  
o b j e c t .  T h i s  s t y l e  is,  however , too r e s t r i c t i v e  of  t h e  s o r t  of 
s t a t e m e n t s  t h a t  one  c a n  make - e.g,  i t  i s  h a r d  t o  a s s e r t  t h a t  a n  
o b j e c t  i s  s i n g l e - c o l o u r e d ,  o r  t o  a s k  what c a l a u r  it i s  (as  opposed t o  
whether i t  is r e d ) .  

One r e a c t i o n  t o  t h i s  problem is  t o  move t o  a  s t y l e  i n  which 
p r o p e r t i e s  i n  t h e  world  become i n d i v i d u a l s  i n  o u r  model a s  w e l l  - e e g e  
Col ourqb , r e d )  , o r  t h e  even more ext reme s i m u l a t i o n  of second o r d e r  
c a l c u l u s ,  HoLdsCb,red). But t h i s  e n l a r g e d  o n t o l o g y  b r i n g s  w i t h  i t  i t s  
own p r o b l e m  - n o t  l e a s t  t h e  r e d u c t i o n  i n  t h e  power of s t a n d a r d  proof 
t echn iques  e h a t  accompanies i t  (e .g .  i n  r e s o l u t i o n ,  s t e p s  t h a t  
p r e v i o u s l y  c o u l d  be  d e a l t  w i t h  s y n t a c t i c a l l y  by  t h e  u n i f i c a t i o n  
a l g o r i t h m  g e t  r e p l a c e d  by problems of d e c i d i n g  whether  two terms a r e  
equa l )  - 
The Search a Piore - Senrant i c s  

Is t h e r e  t h e n  some o t h e r  s e m a n t i c s  t h a t ,  w h i l e  pe rhaps  n o t  a s  
g e n e r a l  a s  t h e  s t a n d a r d  s e m a n t i c s ,  w i l l  s e r v e  us  b e t t e r  i n  our  
model l ing t a s k s ?  It i s  t o  be emphasised t h a t  we a r e  n o t  l o o k i n g  f o r  
sone s y n t a c t i c  v a r i a n t  o f  FOPC (L ike  semant ic  n e t s  - s e e  Woods, 19751% 
h u t  a n  a l t e r n a t i v e  s e m a n t i c s *  

Le t  us  examine more c l o s e l y  t h e  wor lds  which we s e e k  t o  model, 
and t h e  s o r t  of s tacernents  we wish t o  make a b o u t  them. I;ie s h a l l  
a t t e m p t  t o  r e f i n e  t h e  view t h a t  t h e  world  c o n s i s t s  of o b j e c t s  hav ing  
p r o p e r t i e s .  l l o t i c e  t h a t  t h e s e  o b j e c t s  a r e  n o t  n e c e s s a r i l y  g'atomic" 
( i n  f a c t  a r e  u s u a l l y  n o t )  - t h e y  have  p a r t s  which i n  t u r n  can  b e  
cons ide red  a s  o b j e c t s  hav ing  t h e i r  own p r o p e r t i e s .  

By way of example,  assume we have a  cup and s a u c e r  whose combined 
weight  we wish t o  a s s e r t  a s  100g. A s t a t e m e n t  such  a s  "(cup weighs 50g 
& s a u c e r  weighs 50g) o r  (cup weighs 49g & s a u c e r  weighs 51g) o r  ... o r  
(cup weighs lOOg & s a u c e r  weighs Og)" w h i l e  l o g i c a l l y  c o r r e c t ,  
(asstnming t h a t  t h i n g s  c a c  have on ly  i n t e g r a l  we igh t s  and we have some 
a s s e r t i o n s  f o r c i n g  t h e  d i s j u n c t i o n  t o  be e x c l u s i v e  r a t h e r  than  
i n c l u s i v e )  i s  c l e a r l y  u n s a t i s f a c t o r y .  I t  has  been made a t  t h e  wrong 
"Level" - w e  shou ld  have been t a lk i .ng  abou t  t h e  ~ d - ~ o l e  r a t h e r  than  t h e  
p a r t s .  

This n o t i o n  of the. l e v e l  at which we t a l k  i s  n o t  r e s t r i c t e d  t o  
t h e  o b j e c t s  a l o n e  - i t  a l s o  a p p l i e s  t o  t h e  p r o p e r t i e s  which w e  a r e  
s p e c i f y i n g .  rlany n a t u r a l  language a d j e c t i v e s ,  f o r  example,  can be 
s e e n  t o  be  fundamenta l ly  d i s j u n c t i v e  i n  n a t u r e  - e .g ,  when we a s s e r t  
t h a t  our  t a b l e  i s  r e d  w e  a r e  r e a l l y  s a y i n g  that i t  i s  one of a whole 
range of  shades  ( s c a r l e t ,  puce  ..) t h a t  w e  have c l u s t e r e d  t o g e t h e r  and 
c a l l e d  "red" 

"Red" i s  a s i m p l e  example - i n  g e n e r a l  p r o p e r t i e s  a re  s t r u c t u r e d  
i n  much more complex ways. Consider  s a y  t h e  ways i n  which we can 
s p e c i f y  a  p e r s o n C s  p o s i t i o n  - ""i New York", '"in Sco t l and"  and " i n  
 dinb burgh" a r e  c l e a r l y  p a r t  of a complex structure of sometimes 
mutua l ly  e x c l u s i v e  p o s i t i o n s .  

It i s  t h u s  d e s i r a b l e  tha"cot~r  on to logy  of bo th  o b j e c t s  and 
p r e d i c a t e s  be r i c h  enough t o  a l l o w  u s  t o  d e s c r i b e  t h i n g s  a t  an  
a p p r o p r i a t e  l e v e l ,  and where n e c e s s a r y  change l e v e l s .  

Bear ing t h i s  i n  mind, we s h a l l  now xake a fundamental  assumpt ion 
abou t  the n a t u r e  of i n d i v i d u a l s  i n  t h e  world ,  namely  t h a t  each 



i n d ~ v ~ d u a l  is c o m p l e t e l y  c h a r a c t e r i s e d  by i t s  p a r t s  - two i n d i v i d u a l s  
a r e  t h e  s a n e  j u s t  when t h e y  h a v e  t h e  same p a r t s .  T h i s  Ear r e a c h i n g  
asscmpt.ion i s  borrowed f rom t h e  N o m i n a l i s t  s c h o o l  of  p h i l o s o p h y  
(G~~odman,  f96S\ r ,  and  i n d e e d  t h e  s e m a n t i c s  w e  s h a l l  p r o p o s e  h a s  i t s  
roots i n  n srrnpte s e m a n t i c s  f o r  a n o m i n a l i s t  l a n g u a g e  ( t h e  C a l c u l u s  01 
Rundlcsb proposed  by E b e r l e  (1970) .  

For t h e  prarposes o f  t h i s  p a p e r  we s h a l l  make t h e  a d d i t i o n a l  
(sn~cwhat d u b i o u s )  a s s u m p t i o n  t h a t  e v e r y  i n d i v i d u a l  h a s  u l t i m a t e  p a r t s  
w h i c h  w e  s h a l l  c a l l  a toms ,  ( I t  would seem p o s s i b l e  t o  a c h i e v e  t h e  
saxni. a . f f e t t s ,  a t  t h e  e x p e n s e  of somewhat g r e a t e r  c o m p l e x i t y ,  i f  we 
d ~ o p  e A i . i  a s s u m p t i o n >  mile t h e s e  a toms h a v e  no p a r t s ,  t h e y  d o  e n j o y  
certain e l e m e n t a r y  p r o p e r t i e s ,  which we s h a l l  r e f e r  t o  2s 

p ~ r t i c i e s ~ ' J l ~ e  atoms a r e  c o m p l e t e l y  c h a r a c t e r i s e d  by  t h e s e  p a r t i c l e s  - 
i l d s e d  <Ire Lo be  t h o u g h t  of  as made up of  them j u s t  a s  compound 
~ ~ ? : : ~ i t i r r n l $  i n  t h e i r  t u r n  a r e  made up of  a toms .  P a r t i c l e s  w i l l  
i : ~ t  i i ~  r1npe1g c o r r e s p o n d  t o  s u c h  t h i n g s  as p a r t i c u l a r  c o l o u r s ,  
p \ q i  t i r > n s ,  t i m e s  and s o  on. 

Ire a n  e x p r e s s  t h e s e  s u g g e s t i o n s  i n  s e t  t h e o r e t i c  t e r q s ,  b u t  i t  
b, i$ci , ld  bt' ~1: tphas ised  t h a t  i n  r e a l i t y  w e  need o n l y  a  v e r y  l i m r t e d  form 
i,t S P ~  ~ i l r n t - y .  (Our s e m a n t i c s  i s  t h u s  much l e s s  complex t h a n  t h e  
? e c (  nd Ort ie r  P r e d i c a t e  C a l c u l u s  w i t h  i t s  a t t e n d a n t  d i f f i c u l t i e s . )  !Jc 
if a r c  w i t h  a ( t y p i c a l l y  f i n i t e )  se t  of p a r t i c l e s ,  P; a toms a r e  s i n p l y  
s e t i  i t  ; s a r t l c i e s  and o u r  compound o b j e c t s  s i m p l y  s e t s  of  a toms*  Thus 
if w,- iiavr a  f r n i t e  set  of p a r t i c l e s ,  we w i l l  have  a  f i n i t e  ( b u t  nuch 
jarper) set of p o s s i b l e  compounds* 

Ynw 37-P OUT p r e d l c a t e s  t o  be  r e f l e c t e d  i n  ou r  s e m a n t i c s ?  The 
naq? c r d r a  hertx 1s t h a t  t h e  p r e d i c a t e s  w i l l  a l s o  d e n o t e  - 2.e.  t h e y  
ii ii I I ~ ; ~ v F  ~ ~ i t e n s i o ~ i s . . .  Tne s i m p l e s t  p r e d i c a t e s  w i l l  b e  tho.;e whose 
x n t  cus  ~ L ? ~ I R I  d e n o t ; l t i o n  i s  some p a r t i c u l a r  p a r ~ i c  l e  - some p a r t i c u l s r  
;frci i i i?  of r e d  s a y ,  e.g. s c a r 1 . e ~ ~  To assert  o f  some a t o m i c  o b j e c t  "h'$ 
that ~ t .  7 s  s c a r l e t ,  o n e  a s s e r t s  ' " c a r l e t  i s  a n  e l e m e n t  of "Dge 

X C J . ~  LF ice a r r a n g e  f o r  " r ed"  t o  d e n o t e  t h e  atom whose e l e m e n t s  a r e  
<:I L t i le  pc r t i cLe . ;  c o r r e s p o n d i n g  t o  d i f f e r e n t  s h a d e s  o f  r e d  ( s c a r l e t ,  
h l i i ~ i l  r e d ,  c t c . ) ,  t h e n  we c a n  a s s e r t  t h a t  b i s  r e d  by  asserting '"red 
~ ~ ~ r l d p ~ .  b",  where o v e r l a p s  means h a v i n g  non-empty i n t e r s e c t i o n .  Tfius 
t h e  t a c t  t h a t  being s c a r l e t  i s  a p a r t i c u l a r  c a s e  of b e i n g  red  i s  
r t . f  t e d  d i r e c t l y  i.r t h e  f a c t  t h a t  ' k c c a r l e t  i s  a n  e l e m e n t  o f  r ed" .  

rhu.; fL>r a torn lc  o h j e c t s ,  p r e d i c a t i o n  i s  o f t e n  r e f l e c t e d  a s  
t i x r k x r  l ~xppzng - this i n  e s s e n c e  i s  a11 E b e r l e P s  s e m a n t i c s  p e r m i t t e d ,  
aan r_ t ,  ' 3 0  wore  c o r n p l ~ x  o b j e c t s ?  p r o p e r t i e s  and p r e d i c a t i o n  a l l o w e d .  

P 7 \ , h e n  vw a r e  d e a l i n g  w i t h  compound o b j e c t s  a more complex n o t i o n  
i"r r i~a  ovc r l r ipp ing  js needed .  Iv'hen i n  E n g l i s h  we s a y  a n  o b j ~ c t  i s  r ed  
o.ir mraning is somewhat v a g u e  - p o s s i b l e  i n t e r p r e t a t i o n s  s t r e t c h  f rom 

iqpB V. requ I r i n g  thaL some p a r t  of  i t  i s  r e d  t o  r e q u i r i n g  t h a r  r l  1 
pnr , s  05 i t  b e  r e d e  Both are among t h e  n o t i o n s  o f  p r e d t c a t l o n  we 
slaal l nre i i ,  t h e  f i r s t  b e i n g  an e x i s t e n t i a l  n o t i o n  (some o f  -. * is 
& .  + > ,  rht. sc>cnx~d  a u n i v e r s a l  one  ( a l l  af . . . is . .  .) . 

T h s r r ~  is no  need  t o  r e s t r i c t  o u r  p r e d i c a t e s  t o  b e i n g  a tomic  
i ~ h j e m c ~ s ;  we can a l s o  h a v e  them r e p r e s e n t e d  by compounds o r  ever1 s e t s  
&,I :c~mp'aitnd5. '!'he l a t t e r  w i t h  p r e d i c a t i o n  b e i n g  t a k e n  as e l  ementhood 
arc of c o u r s e  s i m p l y  s t a n d a r d  e x t e n s i o n s .  I n t e r e s t i n g  n o t i o n s  of 
p r ~ d - i c a t i o n  i n v o l v i n g  t h e s e  h i g h e r  l e v e l  p r o p e r t i e s  are d u a l s  o f  t h o s e  
renf t i l i i ~ d  b e f o r e  i . e*  ( * * .  i s  some of  ...) and ( e . . i s  a l l  o f . . . ) ,  a tad 
i l  q t y ,  csreaci 1 f o r  d e a l i n g  w i t h  m u t u a l l y  e x c l u s i v e  p r o p e r t t e s ,  ( e s  . i s  
B1IIr of*..).. 

bfs shalrtld be poirxted o u t  thal; we h a v e  used  t h e  word ""intens~on'  
r<xt i l~a loosely i n  v i e w  o f  ehp d i f f e r e n t  n o t i o n s  o f  p r e d i c a t i o n  wc have 



used.  P r o p e r l y  s p e a k i n g  we s h o u l d  t h i n k  of t h e  i n t e n s i o n  a s  b o t h  t h e  
d e n o t a t i o n  of t h e  p r o p e r t y  and t h e  p a r t i c u l a r  type  of p r e d i c a t i o n  
involved.  

I n  t h e  rest o f  t h e  paper  we s h a l l  e x p l o r e  t h e  consequences  of 
t h i s  c h o i c e  of s e m a n t i c s  o n  t h e  problem of t h e  r e p r e s e n t i o n  of  change.  

Ttre 
P 

of - 
It i s  p e r h a p s  i n  t h e  r e p r e s e n t a t i o n  of change t h a t  a  

r e p r e s e n t a t i o n  l anguage  f a c e s  i t s  g r e a t e s t  c h a l l e n g e *  Here i s s u e s  
t h a t  look  t o  b e  of o n l y  p h i l o s o p h i c a l  i n t e r e s t  i n  t h e  s t a t i c  c a s e  t u r n  
o u t  $0 have i m p o r t a n t  p r a c t i c a l  consequences.  

Two of t h e  major approaches  i n  A . I .  t o  t h e  r e p r e s e n t a t i o n  of 
change a r e  t h a t  of t h e  s i t u a t i o n a l  c a l c u l u s  (McCarthy & Hayes, 1969) 
and t h a t  embodied i n  STRIPS ( F i k e s  & N i l s s o n ,  1971) ,  Both have proved 
f o  have s e r i o u s  d e f i c i e n c i e s  which b e a r  c l o s e r  a n a l y s i s .  The 
fundamental  problem f a c e d  (and a s  y e t  unsurmounted) by t h e  s i t u a t i o n a l  
c a l c u l u s  is  t h a t  of  e f f e c t i v e l y  r e l a t i n g  two d i f f e r e n t  s i t u a t i o n s .  
The b a s i c  problem - e s s e n t i a l l y  t h e  w e l l  known frame problem - i s  i n  
d e s c r i b i n g  s m a l l  changes  i n  t h e  world  w i t h o u t  t h e  a i d  of what 
Waldinger (1978) h a s  c a l l e d  t h e  ""STRIPS assumption'" t h a t  t h i n g s  n o t  
e x p l i c i t l y  r e f e r r e d  t o  remain unchanged. Hayes ( 1 9 7 1 )  a t t e m p t e d  t o  
embody such  a n  assumpt ion by  u s i n g  a  c a u s a l i t y  n o t i o n  - t h e  i d e a  of 
D I connectedness'" t h e  i d e a  t h a t  a l l  t h e  f a c t s  t h a t  change c a n  b e  
thought  of a s  b e i n g  connected t o  t h e  a c t i o n  t h a t  caused t h e  changes ;  
and s o  we can prove them t o  be  unchanged whenever we can  p rove  them t o  
be unconnected t o  t h e  a c t  ion .  

Hayes r s  p r o p o s a l ,  w h i l e  a n  advance ,  i s  n o t  w i t h o u t  i t s  problems - 
n o t  l e a s t  i t s  a l a r m i n g  complexi ty  Other  problems i n c l u d e  no t  b e i n g  
a b l e  t o  s p e c i f y  t h a t  j u s t  one  p r o p e r t y  of some o b j e c t  h a s  changed,  and 
some t a c i t  assumpt ions  i t  makes abou t  t h e  s o r t  of  p r o p e r t i e s  o b j e c t s  
can e n j o y .  

The o t h e r  b a s i c  approach,  t h a t  o f  STRIPS, i s  e s s e n t i a l l y  
s y n t a c t i c ;  t h i s  h a s  n o t ,  however,  p reven ted  i t  from prov ing  an  
e f f e c t i v e  p r a c t i c a l  t o o l .  For a  good d i s c u s s i o n  of some of i t s  
problems,  s e e  Waldinger (1978) .  The b a s i c  weakness t h a t  we s h a l l  f o c u s  
on h e r e  i s  i t s  i n a b i l i t y  t o  e f f e c t i v e l y  cope w i t h  more t h a n  one l e v e l  
of d e s c r i p t i o n  - a  problem t h a t  o n l y  r e a l l y  emerges when i t  i s  used t o  
model complex domains. 

Consequent ly  STRIPS models have t h e  tendency t o  c a p t u r e  
e s s e n t i a l l y  s t a t i c  r e l a t i o n s  between p r o p e r t i e s  by how t h e y  i n t e r a c t  
dynamical ly .  A good example of t h i s  i s  t h e  b l o c k s  world concep t  
' k l e a r P 8  o r  " c l e a r t o p " .  A n a t u r a l  d e f i n i t i o n  of t h i s  concept  i s  t h a t  a  
b lock  i s  c l e a r  j u s t  when t h e r e  i s  n o  o t h e r  b lock  o n  i t .  T h i s  
r e l a t i o n s h i p  is  t y p i c a l  Ly c a p t u r e d  '%dynamicallyn h STRIPS b l o c k  
wor lds  - i . e .  t h e  a c t i o n  s p e c i f i c a t i o n s  t a k e  c a r e  t o  e n s u r e  t h a t  a  new 
s t a t e  never  a r i s e s  w i t h  a  b l o c k  t h a t  i s  b o t h  c l e a r  and h a s  a n o t h e r  
b lock  on i t ;  and t h i s ,  t o g e t h e r  w i t h  i n i t i a l  s i t u a t i o n s  t h a t  n e v e r  
p r e s e n t  such  a  s t a t e  of a f f a i r s ,  t o  some e x t e n t  c a p t u r e  t h e  concep t .  

One e f f e c t  of  t h i s  s t y l e  i s  t o  make t h e  t a s k  of problem s o l v e r s  
u s i n g  t h e  model much h a r d e r .  Cons ide r  t h e  p l i g h t  of a  problem s o l v e r  
p r e s e n t e d  w i t h  f h e  subgoa l  ON(a,b) & CLEAPt(b) - how i s  t h i s  t o  b e  
r e j e c t e d  a s  imposs ib le  w i t h o u t  t r y i n g  a l l  ways o f  r e a c h i n g  i t  from t h e  
i n i t i a l  s t a t e ?  

There  is  t h u s  a n  i n t e r e s t i n g  d u a l i t y  - i n  t h e  s i t u a t i o n a l  
c a l c u l u s  i t  5s e a s y  t o  c a p t u r e  r e l a c i c ~ n s h i p s  between p r o p e r t L e s ,  b u t  
h a r d  t o  upda te  them when some change; w h i l e  STRIPS a l l o w s  u s  ta 
u p d a t e  them e a s i l y ,  a t  t h e  expense  of h i 3  ing r e l a t i o n s h i p s  between 



theme 
h%at o f  a l a n g u a g e  u s i n g  o u r  p roposed  s e m a n t i c s ?  The b a s i c  j d e a  

?keret is  t o  r e g a r d  a s i t u a t i o n  as s i m p l y  a compound o b j e c t  ( L i k e  any  
o t h e r )  c n n s ~ s t i n g  of a l l  t h e  o b j e c t s  p r e s e n t  a t  some t i m e .  T h i s  
r n t u i t i v e  v i ew o f  a s i t u a t i o n  c o n t r a s t s  ~ 5 t h  t h a t  i n  t h e  s t a n d a r d  
rernanaics ,  where  i t  Is by no  means o b v i o u s  t o  j u s t  what  khing  i n  tIie 
CTO r- Ed ( j  i" any)  t h e  d e n o t a t i o n  of  a s i t u a t i o n  c o n s  t a n t  c o r r e s p o n d s .  
The c l o s e  r e l a t i o n s h i p  t h a t  o u r  a p p r o a c h  h a s  w i t h  t h e  s t a n d a r d  

~ d o r l d s ~ '  s e m a n t i c s  o f  n o d a l  l o g i c  ( S c o t t ,  1970) i s  c l e a r ;  
the s ~ e u a t i  ons  c o r r e s p o n d  t o  p o s s i b l e  wor lds .  

Bias v i e w  o f  a s i t u a t i o n  a l l o w s  one  t o  decompose t h e  s i t u a t i o n  
l n e o  p a r t s ,  and  t o  r e l a t e  two s i m i l i a r  s i t u a t i o n s  by  a s s e r t i n g  t h a t  
: > a r t %  of timer, a r e  e q u a l .  I f  two s i t u a t i o n s  SO and S1 d i f f e r  o n l y  i n  
[ h a t  t i ~ d i v i d u a l  b  i s  d i f f e r e n t , w e  c a n  s i m p l y  a s s e r t .  e h a t  
S l l \h -5  \ l 3 .  Qidlierr \ i s  set  s u b t r a c t i o n ) .  N o t i c e  t h a t  i n  t h e  standcerd 
s ~ k i l ~ i t  i o n a l  c a l r u l u s  t h e  sape problem would reqrli  re a s s e r t  i o n s  f o r  
s-3 -1ci pireciir:ates 

i + v " c b  c a l  now d r s t i n g u i s h  be tween two s o r t s  o f  s i d e - e f f e c t s  o f  an  
i i k ~ i ~ n  - t h e  "genu ine f8  and t h e  " l o g i c a l "  s i d e - e f f e - t s .  A g ~ n u i r i e  
c2adp-cs i ic- t oc turc ;  when, a s  r e s u l t  o f  b e i n g  somehow p h y s i c a l l y  
I * C ) ? I ~ F  i + -ci t o  che i n d i v i d u a l s  d i  r e c t l y  a f f e c t e d  by  t h e  a c t i o n ,  a n o t h e r  
r r d i v r d u ~ l  a l s o  becomes a f f e c t e d  ( e .g .  a  b l o c k  i s  moved c a u s i n g  
:i7rnfhrr n f o c k  r c s L i n g  on i t  a l s o  t o  move). A l o g i c a l  s i d e - e f f e c t  
iicietrs 112 e h a t  qome compound o b j e c t  changes  by v i r t u e  of some p a r t  o f  
L L  cliav7g;i-rg i e - g .  a b l o c k  i s  moved c a u s i n g  t h e  d i s t a n c e  be tween i t  and 
-one o t h e r  b!ock t o  c h a n g e ) .  A c t i o n s  t h u s  o n l y  h a v e  t o  s p e c i f y  t h e i r  
; c n u ? n r  s ; d ~ - e f f e c t s ,  f o r  t h e  l o g i c a l - e f f e c t s  w i l l  be i n d e p e n d e n t l y  

L 5 7 p i : t a F , 1 ~ .  
The n n r r  c a r e f u l  we ha-ve been  i n  o u r  c h o ~ c e  of b a s i c  propc3rtLes 

((>ur particles), t h e  fewer  ~ i l 1  b e  t h e  g e n u i n e  s i d e  e f f e c t s  of ? u r  
2 1 ;  L..'YS. i f  w e  take "c l ea r "  a s  a p a r t i c l e ,  f o r  i n s t a n c e ,  t h e n  wi- 
~ f > d ; ,  \ l ave  t~ not '  t h a t  n o b l n g  b l o c k s  c a n  h a v e  t h e  s i d e - e f f e c t  oi 
i+in:lzing Lhc " c l e a r n e s s 8 '  of o t h e r  b l o c k s ,  i n  a d d i t i o n  of c o u r s e  t o  
Sllrr,l-ii~~-lg i p t n  them. Tt may i n d e e d  b e  p o s s i b l e  t o  r e s t r i c t  g e n u i n e  .; i d a  
c ' f i ~ t  L S  to i n s t a n c e s  of  r e a l  w o r l d  p h y s i c a l  c a u s a l i t y .  

" d o h  Ltiat i r x  many problems t h e  s i z e  and c o m p l e x i t y  o f  3 s i t u a t x o r r  
i c ,  % r ? ~ l E ~  For ins t : ince  i n  c'cess a s i t u a t i o n  i s  b a s i c a l l y  t i le  p l e c z s  
-<it ti elr p o s i t i o n s  - and s o  i t  i s  c i s y  t o  s p e c i f y  moves a s  a l l  t'nc 
I m y  i c x l t h r  a r i s e s  ;n t h e  l o g i c a l  s i d e - e f  f e c t s  o f  t h e  moves. I n  o t h e r  
w o r 4 ,  we d e s c r i b e  what " t h i n g s "  char,ge, n o t  what f a c t s  changz, - w P 

n,lYJi., 1 i kra KKT, (Bobrot$ & t J inograd ,  1 9 7 7 ) ,  a n  o b j e c t  r a t h e r  t h a n  facf 
P I ~ Q  r ~ d  JC ,  r Ld-vi ewe 

t! t r e a t m e n t  o f  change  must  cope  w i t h  many i s s u e s  s u c h  as 
< llaSal kt., , t ime and t r a n s - w l r l d  i d e n t i t y  whiLh c a n n o t  here  'ae 
,~eli, i j tsately d j s c u s s e d .  It s h o u l d  b e  n o t e d ,  however,  t h a t  i n  r e g a r d  to 
~ B i f *  p rob l em of  t r a n s - w o r l d  i d e n t i t y ,  we have  much more f l e x i b i l i t v  
t h a n  n t h c r  s y q t e n s ,  and c a n  nodel  w o r l d s  where i n d i v i d u a l s  can  
d a s ~ , s p c ~ r .  merge o r  ot l-rerwise misbehave .  IJe a l so  h a v e  t h e  a b i l i i y  ti? 
~ 1 1 5 r i ~ 5 5   he " t r a j e c t o r i ~ s "  o f  e l e m e n t s  t h r o u g h  t i m e ,  f o r  t h e s e  t o o  are 
c i ~ p o u ~ d  i ph jec t s  i n  o u r  o n t o l o g y ,  o r t h o g o n a l  s o  t o  s p e a k  tc.~ &lie 
s-ttiicne ~ons. 

Corrc ?rrsic>ns a n d  IJorhr i n  P r o g r e s s  ---- - - - 
i havr s u g g e s t e d  t h a t  some problems encoun eered wa" i h 

rrpr .*sernt a t i o n  l a n g u a g e s  can b e s t  b e  overcome b y  embodying 
~ ~ h ~ t r a ~ ~ t e r ~ s t i c s  o f  t h e  w o r l d s  we a r e  m o d e l l i n g  d i r e c t l y  i n  t h e  
5 r . m  i % t i c s  of t h e  l angirage. Owe p s s s i h i l  i t y  f o r  s twh  a s e m a n t i c s  was 



sugges ted ,  i t s  f u n d m e n t a l  f e a t u r e  b e i n g  i t s  s t r o n g l y  r e d u c t i o n i s t  
world-view - L e e .  i t s  comd.traent t o  t h e  view t h a t  complex p r o p e r t i e s  
of a comp%ex o b j e c t  c a n  b e  reduced t o  s t a t e m e n t s  a b o u t  s i m p l e r  
p r o p e r t i e s  o f  s i m p l e r  p a r t s  of t h e  o b j e c t .  Some advan tages  t h a t  f low 
from t h e  u s e  of a l anguage  hav ing  such  a semant ics ,  p a r t i c u l a r l y  i n  
t h e  model l ing o f  change,  were sugges ted .  

The a c i d  test o f  such  a language  i s  i ts  p r a c t i c a l  u t i l i t y  i n  
model l ing and problem s o l v i n g  a c t i v i t y .  PrelTminary r e s u l t s  i n d i c a t e  
t h a t  t h e  language h a s  powerful  s e m a n t i c a l l y  based s i m p l i f i c a t i o n  r u l e s  
making u s e  of t h e  i d e a  t h a t  each a s s e r t i o n  i n  t h e  language is "about'" 
some i n d i v i d u a l ,  The r u l e s  t r y  t o  r e p l a c e  a s s e r t i o n s  t h a t  a r e  abou t  
t h e  s a n e  o r  over lapp ing  i n d i v i d u a l s  by e q u i v a l e n f  a s s e r t i o n s  abou t  
s e p a r a t e  i n d i v i d u a l s .  T3e a r e  c u r r e n t l y  model l ing t h e  game of 
noughts-and-crosses,  and h e r e  i t  seems t h a t  t h e  model is b o t h  
i n t u i t i v e  and s imple ,  and t h a t  because  of o u r  r i c h  o n t o l o g y ,  connon 
s e n s e  theorems about  t h e  game do indeed have s h o r t  and i n t u i t i v e  (hand 
g e n e r a t e d )  p r o o f s ,  

I would l i k e  t o  p a r t i c u l a r l y  thank my s u p e m i s o r ,  D r .  Gordon 
P l o t k i n ,  f o r  h i s  h e l p ,  a s  w e l l  a s  D r .  P a t  Hayes and P r o f .  John 
McGarthy f o r  some u s e f u l  d i s c u s s i o n s .  
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W e  have been asked  t o  d i s c u s s  haw r e s e a r c h  i n  A r t i f i c i a l  I n t e l l i g -  
ence  and C o g n i t i v e  Model l ing might b e s t  p r o g r e s s ,  and t o  c o m e n t  on 
t h i s  m e c t t n g ' s  p a p e r s ,  The comments must w a i t  f o r  t h e  o r a l  p r e s e n t a t i o n ,  
Bere  we e x m i n e  two major  i s s u e s :  A) We d e s c r i b e  an  approach toward more 
g e n e r a l  A 1  sys tems,  and pose  some r a t h e r  simple-seeming y e t  unsolved 
couchstone problems Lo h e  a t t a c k e d ,  B) We s u g g e s t  t h a t  A 1  s h o u l d  a t t a c k  
o u r  vesy d i f  i i c u l t  problems w i t h  a s  d i v e r s e  a s  p o s s i b l e  a  s e t  o f  good 
dppcoaches . 

LNTRODUCTIOK 

C o g n i t i v e  s c i e n r i s t s ,  whether  i n  Psychology o r  A r t i f i c i a l  
T n t e l l i g r n c e ,  have f o r  a  long t ime d i v i d e d  c o g n i t i o n  i n t o  t h e  major sub- 
function.;  of p e r c e p t i o n ,  problem-solving,  decision-making,  remembering, 
language h a n d l ~ n g ,  and l e a r n i n g ,  Each such  sub- func t ion  i s  i t s e l f  s o  
complex s hat f u r t h e r  s i m p i i f  i c a t i  ons a r e  u s u a l l y  found t o  b e  n e c e s s a r y ,  
e , g ,  t o  p e r c e p t i o n  of g r a d i e n t s ,  l i n e  drawings ,  chromosomes, - o r  
r r r r n i  ture; o r  problem-solxring i n  p u z z l e s ,  c h e c k e r s ,  c h e s s  o r  log1  c ,  - 

Computers and p r o g r  i n g  t o o l s  have become s o  powerful  t h a t  an 
important problem of p r a c t i  c a l  o r  s c i e n t i f i c  v a l u e  can sometimes b e  
actaclced d i r e c t 1  y ,  by coding a  program t h a t  embodies t h e  s p e c i f i c  know- 
l edge  rreecled, Thus we a r e  beg inn ing  t o  a c h i e v e  sys tems each of which 
s u c c e s s f u l l y  hand le  i t s  p a r t i c u l a r  problem domain - e , g .  r e c o g n i t i o n  of  
spoken s e n t e n c e s ,  d i a g n o s i s  of  a l l e r g i e s ,  a  s t r o n g  game of c h e s s ,  
descr i  n t i o n  of real-wnrl  d  s c e n e s ,  " i n t e l l i g e n t "  r o b o t s ,  

But w i t h  t h i s  major  r e c e n t  t h r u s t  A I  r e s e a r c h  h a s  tended t o  i g n o r e  
some o f  o u r  most h a s i c  problems: How can t h e  s e p a r a t e  c o g n i t i v e  f u n c t i o n s  
h e  put  back r o g e t h e r ? H o w  can one sys tem ( e , g ,  t o  p l a y  checkers ,  
r e r o g n i z e  spoken speech ,  o r  d e s c r i b e  a  room w i t h  f u r n i t u r e )  b e  extended 
and g e n e r a l i z e d  t o  h a n d l e  o t h e r  problems ( e , g ,  p l a y  c h e s s ,  answer 
q u e q t i o n s ,  d e s c r i b e  ou tdoor  s c e n e s  w i t h  h o u s e s ,  v e h i c l e s  and h i l l s ) ?  
How :an a  4yste;n w i t 1 1  r e a l i s t i c a l l y  l a r g e  amounts of  knowledge about ~i 

wide v a r i e t y  of doxa ins  of d i s c o u r s e  b r i n g  t h e  a p p r o p r i a t e  knowledge t o  
b e a r  i n  each p a r t i c u l a r  s i t u a t i o n ?  These k i n d s  of  problems f o r c e  us t o  
s e n r c n  f o r  g e n e r a l ,  r a t h e r  t h a n  power fu l ,  r e s u l t s ,  

TOUCHSTOhY: PROBLEMS THAT FORCE SUSmMS TO BE GENER&L 
- .  - 

Lde now pose  s e v e r a l  seemingly  s i m p l e  problems t h a t  would f o r c e  
programs t o  b e g i n  i o  combine t h e  a s u a l l y  s e p a r a t e d  c o g n i t i v e  p r o c e s s e s ,  
l n  r e l a t i v r i y  g e n e r a l  and w e l S - i n r e g r a t e d  ways. They may appear  s imple  

7 1 
and t a r  .nore mundane t h a n  some of t h e  t h i n g s  t h a t  o u r  e x p e r t a '  (domain- 
s p e c i f i c )  A 1  sys tems ca;l do, Rut we know of no  A 1  sys tems t h a t  can 
B1and7e Chem, Yet they  a r e  p r o t o t y p i c a l  of  t h e  problems t h a t  c ~ r r s t a n t l y  
c o n f r o n t  asay r n t c l  Xigent hm~azl b e i n g ,  E s s e n t i a l l y ,  they  combine 
I i n g u i s t x c  and p e r c e p t u a l  i n p u t s  i n  a  common s e n s o r y  i n p u t  c h a n n ~ 1 ;  
need memory, p-roblc3m-solving, p e r c e p t i o n  and semarrt ic a n a l y s i s ;  and 
farce the syseem t o  make n o n - d e t e r m i n i s t i c  d e c i s i o n s  a s  t o  a p p r o p r i a t e  
t jvpes  af  actrons, where a wide  v a r i e t y  o f  d i f f e r e n t  u n a n t i c i p a t e d  k i n d s  
o f  knowledge and a c t i o n s  might be a p p r o p r i a t e ,  



Consider  t h e  fo l lowing  extremely coznmon exmple :  A person cross-  
i n g  a s t r e e t  i n  t r a f f i c  hea r ing  a y e l l  t h a t  sounds l i k e  " L o o k o u t l ' h i l l  
d e a l  q u i t e  r e a d i l y  w i t h  bo th  t h e  pe rcep tua l  and t h e  l i n g u i s t i c  i npu t s  
however thoroughly they a r e  jurabled t oge the r ,  Red l i g h t s ,  crosswalk 
s i g n s ,  b i l l b o a r d s ,  e t c ,  w i l l  a l l  be  n a t i c e d  and understood i n  t e r n s  of 
t h e  t o t a l  s treet  scene,  a s  p a r t  of  a  s i n g l e  we l l - i n t eg ra t ed  pe rcep tua l  
achievement, There can be  no s e p a r a t e  l i n g u i s t i c  channel ,  l i k e  t h e  
keyboard i n p u t s  t o  robo t  systems, Nor can l i n g u i s t i c  and pe rcep tua l  
i n f a m a t i o n  be  handled i n  completely d i f f e r e n t  ways, u s ing  e n t i r e l y  
s e p a r a t e  p r o g r m s ,  

To make a beginning,  we w i l l  s i q l i f y  d r a s t i c a l l y :  
.4n " E n ~ r o m e n t f f  w i l l  be  a  s e t  of '"appenings"". Each "Happening" i s  a 
sequence of ' % ~ c n e s " ,  where each "Scene" is a set  of r e l a t e d  "Cam- 
pounds". A "Compound" (which might be  an  "Object" o r  a "Word") is  a  
s e t  of r e l a t e d  ""Primitives" o r  Coqounds.  

The r e l a t i o n s  over  Compounds t h a t  combine them i n t o  a Scene, and 
t h e  r e l a t i o n s  over  P r i m i t i v e s  and Cornpounds t h a t  combine them i n t c  
Conrpounds, might e i t h e r  s t r u c t u r e  them i n t o  a  graph, o r d e r  them i v  two 
o r  one s p a t i a l  Jimensioa ( l i k e  a  photograph o r  a s en t ence ) ,  o r  simply 
c o l l e c t  them, unordered, Thus: 

Envi rormenkE = Happeningl, Happening2, . . . . HappeningH 
HappeningH = Scenel ,  Scene2 .... Scenes 
S ceneS = R1 (Compoundll, ... 1 ,  R7 - (Cornpo~nd2~,  ... ) ,  ,,, 

Q (Compound c l ,  ... 1, 
Compoundc = XI (Th+ngll, . & ,  1,  R2 (Thing 21, . . .), . . . 

RT ( T h r n ~ l ,  , ,), 

I n  a d d i t i o n ,  t h e  fc l lowing  k inds  of  compour,ds w i l l  be  d i s t i ngu i shed :  
I t  I r r e l e v a n c i e s "  (e .g ,  background, no i se ,  o r  Compounds un re l a t ed  t o  t he  
cogn i t i ve  system" taslcs) . 
I I Borders8' ( J r i m i t i v e s  o r  Compounds t h a t  have been s p e c i a l l y  chosen t o  
bound o r  s e p a r a t e  Cornt ounds) , 
t I  Classes" ( d i f f e r e n t  "Variant" i n s t ances  of t he  same Object  o r  Word), 

de can now s t a r t  wi th  a  very s imple s e t  of s p e c i f i c a t i o n s  from t h e  
above: Each Happening conta ins  on ly  L Scene, Each Scene conta ins  only 
from i t o  3 dords and from 1 t o  3 Objec ts ,  Linear ly  ordered ,  Each Com- 
po i~nd  (Word o r  Object) conta ins  from I t o  5 P r i m i t i v e s ,  some ordered,  
some dnordered, and bordered by pa ren theses ,  I n  a d d i t i o n ,  I r r e l e v a n t  
P r i m i ~ i v e s  (background, n o i s e ,  e t c , )  should be s c a t t e r e d  about ,  some a t  
random, other ;  i n  s y s t e m z ~ i c  (bu t  t o  t h e  p r o g r m  unknown) ways, Roughly 
10 t o  BOO O b ~ e c t s ,  Mores and P r i l ~ i t i v e s  should be  used, Each Word i s  a 
cLa-~t, w i th  roughly 5 p o s s i b l e  Var i an t s ,  Each Object  i s  a  c l a s s  w i th  
roughly 100 p q s s i b l e  Var i an t s ,  Each P r i m i t i v e  i s  a  c l a s s  w i t h  T O ~ I ~ ~ I V .  
3 poss ib l ,  Va r i an t s ,  (The I r r e l e v a n c i e s  and Var ian ts  he lp  make she 
space of p o s s i b l e  Scene-str ings too Large t o  handle  Ey simply coding a 
p r a g r a !  t h a t  s t o r e s  them a l l  ,) 

A Few Exmipi es o t  Touikstone Problems 

I n  wha"i-~olLows " * " denotes s t r i n g s  05 I r r e l e v a n t  b ~ & g r o u n d  
symbols. Suggest ive srords o r  p i c t u r e s  r ep l ace  p r i l ? ~ i t i v e s ,  

* *  Nm ATl'I;L",2l, * (dog)A(doghouse)*, , o r  equ iva l en t ly ,  
N F J E  * ANIW * ( i t ~ a g g i n p  t a i l  1 , (barking)  , j loyalcy)  

( (house) , (small)  , (one opening) ) *  , 



Words a r e  i n  c a p i t a l  l e t t e r s ,  The f i r s t  word r eques t s  t h e  system 
t o  a c t  o r  respond by producing a n a e ,  The second word r e f e r s  t o  one of 
the two o b j e c t s .  An app ropr i a t e  response might be '%pottier",  o r  "Dog8'), 

2, .* WRITE Y O U R *  N M  * ( - _  > " a  
P - - .  . 

3. .* POINT * ( t r i a n g l e )  * INSIDE * SQUARF: * ( * @ )*. 

I n  t h i s  e x a q l e  some o b j e c t s  a r e  symbolized g raph ica l ly .  

.* F I K D  ( ) * WITHIN JC ( 1 " 0  

5, .* I N  it. ( > * FIND * (u) *, 
6 .  .* TRANSFORM* (A) * INTO * ( L )  * INTO * ( A )  * RELATE *. 
There a r e  many appropr i a t e  responses ,  of d i f f e r i n g  q u a l i t i e s ,  

7, .* NAME 9~ ANIMAL *(sheep)* (cha i r )* ,  

8 ,  . N M  * PET * (sheep)& (dog) *, 
9 %  .* PET * PET *(sheep)*(dog)*, 

Severa l  d i f f e r e n t  responses,  and "mistakesr\  might be  a p p r o p r i a t e ,  

10. .* POINT * CIRCLE * S Q U m  * ( ~ ) * ( l - I ) * .  
Such systems should be  t e s t e d  i n  competit ions of t h e  fol lowing 

s o r t :  Anyone who wishes can pose a s e t  of s p e c i f i c  problems, whose 
complexity can be assessed  i n  t e r n s  of t he  number, s i z e  and s t r u c t u r e  
of Scenes, Objec ts ,  Words, e t c ,  as  descr ibed above, With t h i s  s e t  he 
can cha l lenge  programs f o r  which s k i s  kind of g e n e r a l i t y  i s  claimed, 

The program without  any modi f ica t ion  should then b e  giverr the  
. -  -- 

problem s e t ,  But t h a t  i s  p o s s i b l e  o n l y i f  the  program i s  capable of 
t he  needed knowledge from example problems, So we might g ive  

t h e  p rog ramer  a f ixed  amount of time and space t o  encode the  needed 

Once some successes  a r e  achieved many l e s s  simphe and more r ea l -  
i s t i c  problems can be a t t acked ,  For example, boundaries can be 
e l imina ted  and compounding continued for seve ra l  l e v e l s ,  Photos of 
r e a l  scenes can take the  p lace  of t he  s i m p l i f i e d  symbolic represene- 
a t i o n s ,  More complex problem-solving and decision-making t a sks  can be 
posed, 

This ,  then,  poses a s e t  of seemingly simple problems t h a t ,  w e  f e e l ,  
cu t  t o  t he  h e a r t  of our  b a s i c  problem, t h a t  of g e t t i n g  a grasp  on 
" i n t e l l i g e n t t '  "cognit ion",  and fo rce  us  t o  do t h i s  i n  a gene ra l ,  
gene ra l i zab le  way, 

THE PARAMOUNT IMPORTANCE OF THE GREATEST POSSIBLE DZWRSLTY I N  UPROACHES 

But now t o  make a f a r  more important po in t :  F i r s t  t a  pu t  i t  negat ive-  
l y  - we could we l l  be wrong, O f  course we fee l  t h a t  sut:h problems a r e  
worch pursuing,  and we hope t h a t  o t h e r s  w i l l  agree ,  But more important ,  
we th ink  it i s  worth reminding people working on t h e  very d i f f i c u l t  pro- 
blems of a r t i f i c i a l  i n t e l l i g e n c e  t h a t  s c i ence  progresses  most r a p i d l y  
;sJhen e n t h u s i a s t i c a l l y  involved people do what: they,  each ind iv idua l ly ,  
dec ide  is  most v a l i d ,  This  means t h a t  a wide v a r i e t y  of p r o b l m s  should 
b e  pursued, from widely d i v e r s e  approaches, Such d i v e r s i t y  should b e  
encouraged - of course always wi th  t h e  demand f o r  worehwhile r e s u l t s ,  

Science is  an advance i n t o  the  unknom (by d e f i n i t i o n ;  otherwise i t  
would b e  technology o r  h i s t o r y ) ,  To the e x t e n t  t h a t  most of us explore 



t he  s m e  sub-continents aueh remias q s t e r i o u s ,  B ~ E  t o  t h e  = ten t  
t h a t  a f i e l d  is  new, cmplex,  s t r ange  and d i f f i c u l t  ckre b e s t  s t r a t e g y  
is  t o  explore widely, 

This argurnent is  based upon t h e  a s s w e i o n  t h a t  w e  may not  yet 
h o w  what a r e  our b a s i c  p r o b l m s ,  t o o l s ,  w a l u a t i o n  techniques, o r  
c r i t e r i a  fo r  success,  That is, A 1  is s t i l l  a very young sc ience ,  But 
the re  i s  nothing wrong with t h a t ,  Nor need we j u s t i f y  our  us is tence ,  
W e  a r e  simply t sy ing t o  a t t a c k  t h e  c e n t r a l  age-old p rob lms  of 
philosophy and psychology, and t o  extend our understanding of the  c m -  
puter  and i t s  p o t e n t i a l i t i e s ,  These a r e  l a rge  p r o b l m s ,  And i f  our 
progress i s  s l o w  w e  c e r t a i n l y  f ind  ourselves i n  good caapany, We 
should not  t r y  t o  t a l k  people i n t o  pursuing any p a r t i c u l a r  approach, 
o r  i n t o  expecting some g rea t  p r a c t i c a l  r e s u l t s  (and the re fo re  become 
forever s k e p t i c a l  i f  these  r e s u l t s  never q u i t e  ma te r i a l i ze ) ,  

One of the  g rea t  jays of a vigorous science l i e s  i n  i t s  da r ing ly  
f r e e  and open pursu i t  of knowledge, A r t i f i c i a l  I n t e l l i g e n c e  i s  
c e r t a i n l y  a f i e l d  where we should b e  valuing and encouraging d i v e r s i t y ,  
and good, f r e s h ,  new ideas and approaches, 



I N G  METBQIPOLOGY 

Bob J, Wie l inga  

L a b o r a t o r y  o f  Psychology,  h i v e r s i t y  o f  h s t e r d a ~  
g e e s p e r p l e i n  8,  h s t e r d a r n ,  The N e t h e r l a n d s .  

I ,  The b a s i c  i s s u e s .  - -- 

T h i s  paper  i s  in tended  t o  b e  a rev iew o f  some i d e a s  on A 1  progr_tmning 
methodology t h a t  have been around i n  r e c e n t  y e a r s ,  Thus t h e  b a s i c  q u e s t i o n  
we w i l l  a d d r e s s  is:  what methods shou ld  we ( c  .q , c a n  we) use  f o r  
d e v e l o p i n g  BE pragraols.  Bowever, f i r s t  we have  t o  e s t a b l i s h  What t h e  g o a l s  
o f  such  a  methodology w u l d  b e ,  In t r y i n g  t o  f a m u l a t e  t h e s e  g o a l s  i w i l l  
s t a r t  w i t h  a  r e f l e c t i o n  on t h e  g o a l s  o f  A I  p rograna ing  and on t h e  r o l e  
t h a t  programs and p r o g r a m i n g  p l a y  i n  the o v e r a l l  A 1  paradigm,  

There  seem t o  b e  a t  l e a s t  two views i n  A 1  on t h e  r o l e  o f  programrlling: 1 )  
t h e  " t echno logy  p o i n t  o f  view", which p u t s  a n  emphasis on t h e  
e f f e c t i v e n e s s  o f  a  program t o  perform t a s k s  which r e q u i r e  i n t e l l i g e n c e ,  
and 2 )  t h e  ""cognit ive s c i e n c e  p o i n t  o f  view"', which s e e s  programs a s  
o p e r a t i o n a l i s a t i o n s  o f  a n  i n f o m a t i o n  p r o c e s s i n g  t h e o r y  of  human 
i n t e l l i g e n c e . .  The approaches  a v e r l a p  and t h u s ,  s h a r e  a  number o f  
a e t h o d o l o g i c a l  i s s u e s ;  however t h e i r  b a s i c  g o a l s  a r e  d i f f e r e n t  2nd hpnce 
t h e  c r i t e r i a  on which programs a r e  judged.  A program t h a t  performs a t a s k  
e f f i c i e n t l y  -maybe even e l e g a n t l y -  i s  n o t  n e c e s s a r i l y  a good o p e r a t i o n a l  
model o f  i n t e l l i g e n t  b e h a v i o u r :  ' i t  may b e  t o o  t a s k - s p e c i f i c ,  no t  
a d d r e s s i n g  any f u n d m e n t a l  problems.  

If we adopt  t h e  c o g n i t i v e  s c i e n c e  p o i n t  o f  v iew and d e f i n e  t h e  b a s i c  g o a l  
o f  A 1  t o  b e  t h e  c o n s t r u c t i o n  o f  a  computa t iona l  t h e o r y  o f  i n ~ e l l l g e n t e ,  we 
may a s k  o u r s e l v e s :  "why program a t  a l l ? " .  The answer t o  t h i s  q u e s t l s n  
l i e s  notr s o  much i n  t h e  b a s i c  g o a l s  o f  t h e  d i s c i p l i n e ,  b u t  en the 
methodology o f  A h  r e s e a r c h .  Lenat  ( 1 9 7 7 )  f o r m u l a t e s  a b a s i c  A I  paradigm as 
f o l l o w s  .. 

f l )  Given a  c o g n i t i v e  a c t i v i t y  ( l i k e  p l a y i n g  c h e s s ,  problem s o l v i n g  o r  
u n d e r s t a n d i n g  n a t u r a l  l a n g u a g e ) ,  

( 2 )  deve lop  hypo theses  and  e v e n t u a l l y  a  t h e o r v  about  what k i n d s  o f  
i n f o r m a t i o n  p r o c e s s i n g  could  be t a k i n g  p l a c e  t o  produce such a n  
a b i l i t y ,  

( 3 )  I n c o r p o r a t e  t h a t  t h e o r y  i n t o  a Zomputer program. 

( 4 1  Experiment w i t h  t h e  program, o b s e r v e  and e v a l u a t e  i t s  bchav iour  i n  
o r d e r  t o  de te rmine  t h e  p r i n c i p l e s  t h a t  p roduce  Lhe intelligent 
behav iour  and t h e  range o f  t h e i r  a p p l i c a b i l i t y .  

Although t h i s  paradigm i s  f a i r l y  t y p i c a l  f o r  much AE r e s e a r c h ,  t h e r e  a r e  
c o n s i d e r a b l e  d i f f e r e n c e s  i n  t h e  a ~ o u n t  o f  e f f o r t  p u t  inen  p a t h  of  t h e  
s t e p s  i n  the  p r o c e s s  o f  deve lop ing  A 1  programs,  The  firs^ s t e p  -selecting 
a n  a r e a  o f  c o g n i t i v e  a c t i v i t y -  seems s i m p l e ,  b u t  o f t e n  a  c l e a r  Eo r ;nu l a t i nn  
o f  t h e  problem that;  i s  b e i n g  a t t a c k e d  i s  l a c k i n g .  B u r s t a l l  and Gc~gueia 
( L 9 7 7 )  have c r i t i s i z e d  a tendency i n  c u r r e n t  A 1  methodology t o  w r i t e  
programs w i t h o u t  c l e a r l y  s p e c i f y i n g  wh.~t problem t h e  program is expected 



t o  s o l v e .  They emphasize t h e  need f o r  c r e a t i n g  s t r u c t u r e d  d e s c r i p t i o n s  o f  
t h e o r i e s  which c a n  s e r v e  a s  a b a s i s  o f  formal  problem s p e c i f i c a t i o n s .  I n  
a  s i m i l a r  s p i r i t  s e v e r a l  a u t h o r s  ( ~ o r n ,  1 9 7 7 ;  Draper ,  1978;  Brady,  1978) 
have r e c e n t l y  argued f a r  a s t r o n g e r  emphasis on t h e  development o f  AT 
t h e o r i e s ,  The g e n e r a l  o p i n i o n  p r e s e n t e d  i n  t h e s e  p a p e r s  i s  t h a t  one shou ld  
s t u d y  t h e  problem one i s  t r y i n g  t o  s o l v e  mor2 t h o r o u g h l y ,  t r y  t o  s p e c i f y  
i t s  formal  s t r u c t u r e  and t h e  t h e o r y  i t  i s  p a r t  o f ,  r a t h e r  t h a n  go ahead 
and ""hack a program t o g e t h e r  t h a t  s o l v e s  r h e  problem, bu t  h e a v i l y  r e l i e s  
on h e u r i s t i c s ,  c l e v e r  p r o g r a m i n g  and g e n e r a l  problem s o l v i n g  t e c h n i q u e s ,  
and hence i s  d i f f i c u l t  t o  u n d e r s t a n d ,  t o  e v a l u a t e  and t o  i n p r o v e .  One of  
t h e  most s t r i k i n g  examples o f  how a  t h e o r y  o f  a problem domain can h e l p  t o  
u n d e r s t a n d  a program, i s  t h e  e x p l a n a t i o n  o f  t h e  s u c c e s s e s  and f a i l u r e s  o f  
G u m a n ' s  program (Guzrnan, 1968) by the  Kuffman-Clowes-Waltz l i n e - l a b e l l i n g  
( s e e  Draper ,  ( 1 9 7 3 )  f o r  a  more e x t e n s i v e  d i s c u s s i o n  a £  t h i s  p o i n t ) .  

One o f  t h e  main problems,  which t h i s  approach t o  A 1  -I w i l l  c a l l  i t  t h e  
$ 1  t h e o r e t i c a l ' '  approach- i s  f a c i n g ,  i s  t h a t  o f  r e p r e s e n t a t  i o n ,  The f o m a ?  
s p e c i f i c a t i o n  o f  t h e o r i e s  and problems r e q u i r e s  a  formalism ilo s p e c i f y  
them i n .  S i z i l a r l y ,  a t h e o r y  about  some a s p e c t  of  i n t e l l i g e n c e  h a s  f o  be 
a b l e  t o  r e p r e s e n t  t h e  knowledge and b e h a v i o u r s  r e l e v a n t  t o  t h e  domain i n  
some formal way ,  T h i s  i s  a n o t o r i o u s l y  ha rd  problem, which i s  t o  a  
c e r t a i n  e x t e n t  domain dependent  ( e g .  i n  v i s i o n )  and a s  such o f  no d i r e c t  
concern  o f  A 1  programzing methodology,  b u t  which b e a r s  on t h e  more g e n e r a l  
i s s u e  of  t h e  r e l a t i o n  between knowledge r e p r e s e n t a t i o n  < ~ n d  A 1  pragrammiag 
l anguages .  One could  a r g u e  t h a t  knowledge r e p r e s e n t a t i o n  i s  an  a r e a  o f  A 1  
h i c h  should  be d i s t  ingu i shed  from A1 programming a s  s u c h .  Hayes ( 1  9 7 4 )  
makes a d i s t i n c t i o n  between formal isms and languages  on t h e  b a s i s  o f  tile 
argument t h a t  a  formalism shou ld  have  a proppr  s e m a n t i c s ,  i , e .  i t  should  
be s p e c i f i e d  what an expr l - s s ion  d e n o t e s  i n  sone w o r l d ,  w h i l e  a prograrnaing 
Language -which f l ay  have a p roper  semant ics  i n  t h e  computa t iona l  sensc-  
a l l o w s  t h e  implementa t ion o f  s e m a n t i c a l l y  new r e p r e s e n t a t i o n a l  c o n s t r u c t s ,  
The r a t h e r  pragmat ic  approach t o  k n o i ~ l e d g e  r e p r e s e n t a t i o n  i n  much A 1  
r e s e a r c h  t e n d s  t o  i g n o r e  such  a d i s t i n c t i o n  f o r  a  good r e a s o n :  no 
c o m p u t a t i o n a l l y  adequa te  r e p r e s e n t a t i o n x l  scheme h a s  been a v a i l a b l e ;  one 
r e l i e s  on r e p r e s e n t a t i o n  l anguages  which a r e  p r a g m a t i c a l l y  e x p e d i e n t  
r a t h e r  chan based on a p roper  s e m a n t i c s .  The r n e ~ h o d o l a g i c a l  q u e s t i o n  t h a t  
a r i s e s  i n  i-his  c o n t e x t  i s  t o  what e x t e n t  one shou ld  l e t  t h e  p ragmat ics  
p r e v a i l ,  There seems t o  52 a t r a d e - o f f  between s l o p p i n e s s  and expediency 
on t h e  one hand and f o r m 1  adequacy and computa t iona l  inade juacy  on t h e  
o t h e r  I ~ a n d ,  In s e c t i o n  4 we w i l l  f u r t h e r  d i s c u s s  t h i s  i s s u e ,  

The problem w i t h  t h e  t h e o r e t i c a l  approach ,  o f  c o u r s e  i s  t h a t  a  p roper  
t h e o r y  may nor  b e  a v a i l a b l e ,  Yarr ( 1 9 7 6 )  d i s t i n g u i s h e s  two t v p e s  O F  
t h e o r i e s  i n  AI (and I n  s c i e n c e  i n  g e n e r a l ) :  1 )  t h e o r i e s  which a r e  
h a s i r a l  I )?  a b s t r a c t  accounils o f  how t o  s o l v e  a  p a r t i c u l a r  problem (Marr 
u s e s  t i le  t e r n  method) w i t \ ~ o u t  e e f c r e n c e  t o  ac tual .  i m p l e r n e n ~ a t i o n s  o f  t h a e  
method ( a l g o r i t h m s ) ,  (Type 1 t h e o r i e s ) ,  and 2 )  a l g a r i t h m i :  d e s c r x p t i o n s  a f  

a  l a r g e  number o f  p r o c e s s e s  whose i n t e r a c t i o n  i s  i t s  o m  s i l n p l ~ s t  
d e s c r i p t i o n  ( ~ ~ ~ e  2 t h e o r i e s ) .  Narr  a r g u e s  t h a t  t h e r e  may b e  no t h e o r y  
o f  Type 1 f o r  i n t e l l i g e n c e ,  C e r t a i n l y  " c ~ e  c u r r e n t  s t a t e  o f  AT and of  
C o g n i t i v e  Psychology does  no t  a l l o w  f o r  even t h e  beg inn ing  o f  t h e  
f o r m u l a t i o n  of  a  g e n e r a l  Type 1 t h e o r y  o f  i n t e l l i g e r l c e ,  A consequence o f  
e h i s  problem i s  t h a t  w r i t i n g  a n  A1 program becomes a  t h e o r y  c o n s t r u c t i o n  
t a s k :  t h e  program i s  t h e  o n l y  way  t o  e x p r e s s  t h e  t h e o r y .  L be l - ieve  t h a t  
i t  i s  p r e c i s e l y  t h i s  a s p e c ~  o f  A 1  t h a t  g i v e s  much A 1  programming i t s  
essentially exper imenta l  n a t u r e :  programs change and e v o l v e  con t inunPty  i n  
t h e  p r o c e s s  o f  develcrpiilg a  theory . .  

Although 1 acknowladgc: Ehe need f a r  t h e  t h e o r e t i c a l  approach t o  AT 



r e s e a r c h  i n  some problem a r e a s ,  I b e l i e v e  t h a t  much A I  work w i l l  i n  t h e  
n e a r  f u t u r e  c o n t i n u e  t o  b e  o f  an  e x p e r i m e n t a l  n a t u r e ,  w i l l  e x p l o r e  new 
problem domains and w i l l  p a i n t  o u t  t h e  c r u c i a l  problems a  t h e o r y  h a s  t o  
a d d r e s s ,  A consequence o f  p u t t i n g  more emphasis  on t h e  c o n s t r u c t i o n  and 
s t u d y  o f  programs t h a n  on t h e o r i e s ,  i s  t h e  need f o r  a r i c h  v a r i e t y  o f  
p r o g r a m i n g  t o o l s  and a f l e x i b l e  p r o g r a m i n g  env i ronment ,  The problem w i t h  
t h e  e x p e r i m e n t a l  appraach  i s  however,  how to a s s e s s  an A 1  program a s  a  
t h e o r y  o f  some a s p e c t  o f  i n t e l l i g e n c e ,  One obv ious  way t o  judge an A T  
program i s  t o  o b s e r v e  i t s  behav iour  and t o  t r y  t o  f i g u r e  o u t  how i t  works 
i f  i t  works and why it f a i l s  i f  i t  f a i l s ,  what may n o t  be a  s imple  t a s k ,  
Another (more c a m o n )  way i s  t o  r e l y  on t h e  d e s c r i p t i o n  o f  t h e  program a s  
g i v e n  by i t s  c r e a t o r ,  T h i s  t o o  may i n v o l v e  much c r i t i c a l  r e a d i n g  and 
e l i m i n a t i o n  o f  '%wishful t h i n k i n g u  t h a t  may have c r e p t  i n t o  t h e  d e s c r i p t i o n  
( o r  i n t o  t h e  program i t s e l f ) .  McDermott ( 1975 )  a r g u e s  s t r o n g l y  a g a i n s t  
t h e  '%wishful -anemonicsU t r e n d  :: ' b e  should  a v o i d ,  f o r  example,  l a b e l l  i n g  
any p a r t  o f  o u r  programs a s  a n  "unders tander"" .  I t  i s  t h e  job o f  t h e  text .  
accompanying t h e  program t o  examine c a r e f u l l y  how much u n d e r s t a n d i n g  i s  
p r e s e n t ,  bow i t  g o t  t h e r e  and what i t s  l i m i t s  a r e "  - .e need f o r  c a r e f u l  
judgements o f  AX programs b r i n g s  about  an imporrant  g o a l  f o r  A I  
programming: t o  f o r m u l a t e  i n  a  p r e c i s e  way t h e  p r i n c i p l e s  on which t h e  
(presumed i n t e l l i g e n t )  behav iour  o f  a program i s  b a s e d ,  what i t s  l i m i t s  
a r e  and how i t  cou ld  be extended t o  more g e n e r a l  domains ( i f  a t  a l l ) ,  
T h i s  may be d i f f i c u l t ,  A I  programs which l a c k  a  f i r m  t h e o r e t i c a l  
framework, o f t e n  r e l y  h e a v i l y  on c o n t r o l :  m u l t i - p r o c e s s i n g ,  h e t e r a r c h y ,  
h e u r i s t i c  s e a r c h .  These a s p e c t s  o f  A 1  programming languages  a r e  not v e r y  

lsm a r e  w e l l  u n d e r s t o o d ;  f o r  example,  no formal n o d e l s  f o r  non-de te rmi l '  
c u r r e n t l y  a v a i l a b l e .  Consequen t ly ,  arz impor tan t  g o a l  o f  A I  programming 
methodology i s  t o  deve lop  t o o l s  which a l l o w  us  t o  c l e a r l y  e x p r e s s  what we 
want t o  e x p r e s s  i n  such a  way t h a t  t h e  p r i n c i p l e s  which u n d e r l y  a  program 
a r e  s t i l l  t r a c t a b l e ,  

Whether one t a k e s  t h e  e x p e r i m e n t a l  o r  t h e  t h e o r e t i c a l  approach ,  one 
problem r r m a i n s :  t h e  complex i ty  o f  A 1  programs,  Winograd ! l971)  h a s  
emphasized t h e  need f o r  methods which e n a b l e  us t o  cope wi th  t h e  
complexi ty  o f  l a r g e  AT programs. T h i s  problem i s  n o t  unique t o  A l ,  i t  
o c c u r s  i n  o t h e r  a r e a s  o f  Computer Sc ience  a s  w e l l .  S t r u c t u r ~ d  Programming 
and t h e  development o f  new and b e t t e r  p r o g r a m i n g  languages  i s  one way t o  
a t t a c k  t h i s  problem. The r e c e n t  work on programmer" a s s i s t a n t s ,  program-- 
u n d e r s t a n d i n g  sys tems and a u t o a a t i c  programming a r e  a l t e r n a t i v e  ways Po 
m a s t e r  complex i ty .  

Summarizing, T t h i n k  t h a t  A 1  programling methodology should  a d d r e s s  LIae 
f o l l o w i n g  b a s i c  q u e s t i o n s :  

How c a n  we implement o u r  i d e a s ,  i n  such a way t h a t  our  programs show 
s e n s i b l e  and f l e x i b l e  b e h a v i o u r s ,  w h i l e  a t  t h e  same t ime t h e  
c o n c e p t s  t h a t  t h e  program embodies remnin c l e a r  and unders tandab le?  

( 2 )  How c a n  we deve lop  representational formal isms and l anguages ,  which 
a r e  bo th  fo rmal ly  adequa te  a s  w e l l  a s  r i c h  enough s o  t h a t  we can  use  
them Eo repr t3sent  t h e  t h i n g s  we need t o  r e p r e s e n t ?  

(3) How do we m~inage t h e  growing complex i ty  o f  A 1  programs? 

I n  s e c t i o n  2 we w i l l  d i s c u s s  whether t h e  S t r u c t u r e d  Programming 
methodology p r o v i d e s  us  wi th  any answers t o  t h e s e  q u e s t i o n s ,  S e c t i o n  3 
w i l l  a d d r e s s  programming sys tems and l anguages ,  w h i l e  s e c t i n n  4 d i s c u s s e s  
t h e  r o l e  o f  r e p r e s e n t a t i o n  i n  h I  programming. 



2, A I  and S t r u c t u r e d  P r o g r a m i n g .  - -- 
W e  muse: c o n f r o n t  t h e  q u e s t i o n  "how does  S t r u c t u r e d  Programming f i t  i n t o  
AT?", C l e a r l y ,  t h e  l i t e r a t u r e  on S t r u c t u r e d  P r o g r a m i n g  has something t o  
say  abou t  programing methodology,  b u t  it does=% tee= t o  have made s o  much 
impact a n  A1 p r o g r a m i n g  as if h a s  i n  o t h e r  a r e a s  of Computer Sc ience .  
Many p rogrmming  l anguages  f o r  AX ( n o t a b l y  LISP)  do n o t  e x c e l l  from a  
S t l r ac tu red  P r o g r a m i n g  p o i n t  of v iew;  program c o r r e c t n e s s  and program 
v e r i f i c a t i o n  a r e  o f t e n  c o n s i d e r e d  i r r e l e v a n r  i s s u e s  f o r  Ab fmany impor tan t  
A I  programs h a r d l y  work a t  a l l )  and i t  i s  o f t e n  d i f f i c u l t  t o  e x t r a c t  a  
c l e a r  c o n c e p t u a l  s t r u c t u r e  u n d e r l y i n g  t h e  code o f  l a r g e  A 1  programs,  

The r e a s o n  f o r  t h i s  d i f f e r e n c e  i n  programming p r a c t i c e  between A 1  - a t  
l e a s t  t h e  exper imenta l  approach- and o t h e r  d i s c i p l i n e s  o f  Computer 
S c i e n c e ,  l i e s  -as  L s e e  i t -  i n  d i f f e r e n t  views o n  t h e  programming a c t i v i t y  
i t s e l f ,  which stem from a  d i f f e r e n c e  i n  t h e  n a t u r e  o f  t h e  problems t h a t  
a r e  t o  be  s o l v e d ,  The S t r u c t u r e d  Programming methodology t r i e s  t o  make 
t h e  c o n c e p t u a l  s t r u c t r l r e s  o f  a  program e x p l i c i t  by p a r t i c u l a r  methods o f  
problem a n a l y s i s  and program compos i t ion  i n  o r d e r  t o  a c h i e v e  l u c i d  
programs which a r e  e a s i l y  u n d e r s t a n d a b l e ,  c o r r e c t  and v e r i f y a b l e *  Nobody 
i n  Af would q u e s t i o n  t h i s  a s  a l e g i t i m a t e  g o a l ,  b u t  t h e  S t r u c t u r e d  
P r o g r a m i n g  methods do n o t  a p p l y  t o  A1 p r o g r a m i n g  i n  t h e i r  f u l l  
g e n e r a l i t y  f o r  two r e a s o n s .  

Many h I  problems a r e  - c o n t r a r y  t o  mast  problems i n  o t h e r  b ranches  o f  
Computer Science-  no t  v e r y  w e l l  d e f i n e d ,  t h e  d e s i r e d  behav iour  o f  t h e  
system cannot  b e  d e s c r i b e d  i n  s i z p l e  t e r n s  l i k e  t h e  d e s c r i p t i o n  o f  an  
i n i t i a l  and a  f i n a l  s t a f c ,  The s t r i c t  f o r m u l a t i o n  o f  t h e  problem i s  p a r t  
o f  t h e  A I  e f f o r t .  Motions l i k e  u n d e r s t a n d i n g  a p i e c e  o f  t e x t  o r  p e r c e i v i n g  
an o b j e c t ,  a r e  o n l y  i n f u i t i v e l y  d e f i n e d ,  and moreover t h e i r  i n t e r p r e t a t i o n  
may depend on c o n t e x t ,  l i k e  t h e  c u r r e n t  environment and g o a l s  o f  t h e  
organism.  As a consequence t h e  i d e a  o f  a  c o r r e c t  program i s  n o t  a v e r y  
u s e f u l  concept  i n  A I .  Obviously ,  s i a p l e  bugs a r e  a n u i s a n c e ,  b u t  on a more 
a b s t r a c t  Level 1 c o n j e c t u r e  t h a t  d e v i a t i o n s  from cxpected behaviour  w i l l  
a lways occur  i n  c e r t a i n  c o n d i t i o n s ,  and moreover ,  t h a t  t h e s e  d e v i a t i o n s  
iuay be e s s e n t i a l  i n  t h e  p r o c e s s  o f  c o n s t r u c ~ i n g  and e v a l u a t i n g  an AT 
t h e o r y .  S i n c e  we do no t  have many o t h e r  t o o l s  t o  d e s c r i b e  i n t e r e s t i n g  
i n t e l l i g e n t  b e h a v i o u r s  b e s i d e s  programming, we have t o  r e l y  on e m p i r j c a l  
v e r i f i c a t i o n  o f  our  iLnpiementations,  

In  s p i t e  o f  t h e s e  d i f f e r e n c e s  it_ i s  u s e f u l  t o  examine t h e  methods and 
t e c h n i q u e s  developed iri  S t r u c t u r e d  P r o g r a m i n g ,  and t r y  t o  adap t  them i n  
such a  way t h a t  they  become a p p l i c a b l e  i n  A 1  p r o g r a m i q g .  On2 o f  t h e  
impor tan t  methods o f  S t r u c t u r e  P r o g r a m i n g  i s  s t r u c t u r a l  d e s i g n  and 
implementa t ion .  T h i s  i n c l u d e s  n o t  i o n s  l i k e  " top-dom programminga', 
" s t e p w i s e  re f inement"  ( M i r t h ,  19721 ,  " l e v e l s  o f  a b s t r a c t i o r ~ ' '  and. problem 
decompos i t ion  (Dahl 6 Boare ,  1 9 7 2 ) .  A key concept  on which t h e s e  methods 
a r e  based i s  a  h i e r a r c h y  - o f  c o n c e p t u a l i z a t i o n s ,  D i j k s t r a  ( 1 9 7 2 )  

---a - 
f o r m u l a t e s  i t  a s  f o l l o w s :  "The n o t i o n  o f  a  h i e r a r c h y  i m p l i e s  t h a t  what a t  
one l e v e l  i s  r ega rded  a s  a n  unana lysab le  u n i t ,  i s  regarded  as  a composi te  
o b j e c t  a t  t h e  n e x t  lower l e v e l  of d e r a i l ,  f o r  which t h e  a p p r o p r i a t e  g r a i n  
i s  an o r d e r  o f  magnitude s m a l l e r  t h a n  t h e  cor respond ing  g r a i n  a p p r o p r i a h r  
a t  Brhe nex t  h i g h e r  l e v e l " -  Such a h i e r a r c h y  shou ld  b e  r e f l e c t e d  i n  t h e  
s t r u c t u r r  o f  t h e  program. For r e a s o n s  similar t o  t h o s e  disc rlssed above in 
r e l a t i o n  t o  the n a t u r e  o f  A% problems 2nd programs, I doalbt. &i. iher t h i s  
h i e r a r c h i c a l  program c o n s t r u c t i o n  method i s  d i r e c t l y  a p p l i c a b l e  $0 A 1  
p r o g r a m i n g *  On a h i g h  l e v e l ,  AX l a c k s  c l e a r  conccptuaPH'zakions o f  
b e h a v i o u ~  and r e p r e s e n t a t i o o  o f  i n f o r m a t i o n .  Q)n t h e  somewhat % o v r r  l e v e l  



o f  implementing A1 i d e a s ,  however,  t h e  n o t i o n  o f  a  h i e r a r c h y  o f  a b s t r a c t  
c o n c e p t s  i s  r e l e v a n t .  For example,  n o t i o n s  l i k e  p r o c e s s ,  p r o c e d u r a l  
r e p r e s e n t a t i o n  o f  knowledge,  p a t t e r n  d i r e c t e d  i n v o c a t i o n ,  frame e t c ,  have 
become common A 1  t e m i n o l o g y ,  but: t h e  ac tual .  implementa t ion o f  t h e s e  
c o n c e p t s  ( e g ,  i n  L I S P )  is  o f t e n  a  p a i n f u l  p r o c e s s ,  There  seems t o  b e  a  gap  
between t h e  l e v e l  o f  a b s t r a c t i o n  t h a t  i s  used i n  t h e  d e s i g n  and 
d e s c r i p t i o n  o f  A f  programs and t h e  a c t u a l  c o n c e p t s  provided by t h e  
p r o g r a m i n g  l anguages  we u s e ,  which t y p i c a l l y  p r o v i d e  few c o n t r o l  
c o n s t r u c t s  beyond r e c u r s i o n  and b a c k t r a c k i n g ,  

The c o n c e p t s  t h a t  S t r u c t u r e d  Programming h a s  come up wi th  a r e  Loo l o w  
l e v e l  t o  b r i d g e  t h i s  gap ;  however we shou ld  t r y  t o  deve lop  a  h i e r a r c h y  o f  
c o n c e p t s  which a r e  s u i t a b l e  f o r  A 1  p u r p o s e s ,  and which a r e  implementable 
a t  t h e  v a r i o u s  l e v e l s  o f  a b s t r a c t  machines t h a t  co r respond  t o  t h e  l e v e l s  
i n  t h e  h i e r a r c h y .  Two approaches  can  be  (and have been)  used t o  c o n s t r u c t  
and h p l e m e n t  such a  h i e r a r c h y  of  c o n c e p t s :  t h e  bottom-up approach ,  s o  
b a s i c a l l y  s t a r t  wi th  b u i l d i n g  a  g e n e r a l  framework which s e r v e s  a s  a  b a s i s  
f o r  f u r t h e r  work, and t h e  top-dom approach ,  which s e l e c t s  a  s p e c i f i c  
problem and deve lops  i t s  own t o o l s  f o r  s o l v i n g  t h e  problem* Rotla 
approaches  have t h e i r  own s p e c i f i c  m e r i t s ,  Without t h e  f i r s t  approach w e  
would no t  have t h e  powerful  t o o l s  a v a i l a b l e  t h a t  we have now (INTER'IJLSP, 
QLISP, COHNIVER,  K R L ,  P r o d u c t i o n  Sys tems) ,  b u t  wi thou t  t h e  second approach 
we probably  wouldnB t have had many i n t e r e s t i n g  A 1  programs.  There  i s ,  
however,  a  c o n s t a n t  danger  i n  AX r e s e a r c h  t h a t  i s  r e l a t e d  t o  t h e s e  two 
d i f f e r e n t  me thodo log ies :  s l i d i n g  from one methodology i n t o  t h e  o t? ler  
w i t h o u t  b e i n g  f u l l y  aware o f  t h e  consequences  o f  t h i s  me thodo log ica l  
s h i f t ,  Many A I  p r o j e c t s  s t a r t  o u t  w i t h  a  s p e c i f i c  problem i n  mixd,  bu t  
a f t e r  working on t h i s  problem f o r  a w h i l e ,  one g e t s  d i s s a t i s f i e d  wit11 tile 
a v a i l a b l e  t o o l s  and s t a r t s  implementing new f 2 a t u r s s  i n  an  e x i s t i n g  
sys tem,  o r  even b u i l d i n g  an e n t i r e l y  new system ( I ) .  Bu i ld ing  an A 1  
programming system i s  however a  major  e f f o r t  which r e q u i r e s  a w e l l  thought  
o u t  d e s i g n ,  a  good and e f f i c i e n t  implementa t ion and p roper  maintenance and 
t h u s ,  a l o t  o f  manpower and a  g r e a t  amount o f  d e t e r m i n a t i o n .  The chances  
t h a t  a b a d l y  planned e f f o r t  w i l l  r e s u l t  i n  a  p r o g r a m i n g  Langtragr and 
environment  which s a t i s f i e s  t h e  r e q u i r e m e n t s  we have s e t  e a r l i e r ,  a r e  -I 
b e l i e v e -  minimal, Even sys tems l i k e  C O N N I V E R  and QLISP d o  n o t  seem to 
l i v e  up t o  t h e  e x p e c t a t i o n s  t h a t  t h e  A 1  community had o f  them a f e w  y e a r s  
ago.  Th i s  may be so  because  o f  t h e  p a r t i c u l a r  implementa t ions  ( e f f i c i e n c y  
and i n t e r f a c i n g  p rob lems) ,  b u t  i t  i s  my o p i n i o n  t h a t  a  more impor tan t  
r e a s o n  i s  t h e  l a c k  o f  c l e a r  c o n c e p t u a l i s a t i o n s  o f  t h e  i d e a s  t h a t  w e r i .  
implemented i n  t h e s e  l anguages .  Tne i d e a s  a r e  power fu l ,  b u t  a c t u a l l y  
implementing them i n  such a way t h a t  u s e r s  b e n e f i t  from them and a r e  no t  
r e s t r i c t e d  by them, r e q u i r e s  a  l o t  of  t h o u g h t .  I d o  no t  want t o  s u g g ~ s t  
t h a t  b u i l d i n g  sys tems l i k e  CONNIVF,R and QLISP i s  n o t  a u s e f u l  t h i n g  t o  do, 
but  we shou ld  acknowledge t h e i r  e x p e r i m e n t a l  n a t u r c  and ~ o t  expec t  the% t o  
be g e n e r a l  t o o l s  from t h e  s t a r t .  Thus ,  t h e  top-down approach t o  A; 
p r o g r a m i n g  can  produce new and i n t e r e s t i n g  i , l e a s  and prograrnrning Language 
f e a t u r e s ,  b u t  o n l y  a f i e r  c a r e f u l  c o n s i d e r a t i o n  and a f t e r  hav ing  d2veloped 
a c l e a r  i d p a  o f  t h e  purposes  and t h e  range o f  a p p l i c a t i o n  shorrltf ni'w 
c o n c e p t s  and f e a t u r e s  b e  i n c o r p o r a t e d  i n  AT languages  f o r  g e n e r a l  use  j s e c  
a l s o  Hoare,  1373 f o r  a more e l a b o r a t e  d i s c u s s i o n  o f  t h i s  i s s u e ) .  

The a l i e r n a t i v c  approach i s  an i n t e r m e d i a t e  one:  p rov ide  t h e  u s e r  o f  n 

-0- 

(1 )  T h i s  may be p a r t i c u l a r l y  t h e  c a s e  i n  s i t u a t i o n s  where o n l y  l i m i t e d  
koo l s  a r e  a v a i l a b l e  ( e g ,  o n l y  s i m p l e  L I S P  o r  POP-? sys tems)  l i k e  on many 
European s i t e s ,  



l anguage  w i t h  a  number o f  s t a n d a r d  u s e f u l  c o n c e p t s ,  b u t  a l s o  w i t h  t h e  
mechanisms t o  b u i l d  h i s  own h i e r a r c h y  o f  c o n c e p t s  i n  a n  e a s y  way. 
Elechanisms o f  t h i s  s o r t  a r e  o f t e n  c a l l e d  a b s t r a c t i o n  mechanisms, Ln 
s e c t i o n  3 3  we w i l l  d i s c u s s  the n o t i o n  o f  a b s t r a c t i o n  i n  d e t a i l ,  

A second i s s u e  r a i s e d  i n  t h e  S t r u c t u r e d  P r o g r a m i n g  l i t e r a t u r e  is  t h a t  o f  
E o m a l  s p e c i f i c a t i o n  o f  t h e  behav iour  o f  programs,  A s  h a s  been s a i d  
b e f o r e ,  no p roper  t o o l s  a re  a v a i l a b l e  f o r  f o m a l i s i n g  t h e  complex 
behav iour  o f  A I  programs. The i d e a  o f  d e s c r i b i n g  c e r t a i n  p r o p e r t i e s  o f  a 
program i s  however a  u s e f u l  one ,  Winograd (1974)  i n t r o d u c e s  a  s t y l e  of  

l r i n g ,  c o n c e p t u a l  p rograming ' "  i n  which a  program i s  n o t  o n l y  
s p e c i f i e d  by t h e  a c t u a l  code ,  b u t  a G  by a  Large and r i c h  s t r u c t u r e  o f  
d e s c r i p t  i o n s ,  These d e s c r i p t i o n s  s p e c i f y  t h e  g l o b a l  s t r u c  t u r e  o f  t h e  
program, i n p u t / o u t p u t  b e h a v i o u r ,  i n t e n t i o n s ,  g o a l s ,  c o n d i t i o n s  and 
expec ted  r e s u l t s  o f  components o f  t h e  program. These d e s c r i p t i o n s  a r e  n o t  
o n l y  u s e f u l  f o r  debugging,  a n a l y s i n g  and u n d e r s t z n d i n g  t h e  program, b u t  
t h e y  may a l s o  be used by a  computer system o r  t h e  program i t s e l f  f o r  
m o n i t o r i n g  and debugging purposes .  I n  t h i s  l a t t e r  s e n s e ,  t h e  d e s c r i p t i o n s  
may become a  ( p a r t i a l )  formal  s p e c i f i c a t i o n  on which a  ( p a r t i 3 l )  
v e r i f i c a t i o n  (and p o s s i b l y  a meta -eva lua t ion)  can  be  b a s e d ,  S e v e r a l  
r e s e a r c h  p r o j e c t s  a r e  on t h e  way t o  implement such f a c i l i t i e s  ( s e e  
s e c t i o n  3 , 5 ) .  

S u m a r i z i n g  t h e  p o s s i b l e  c o n t r i b u t i o n s  t h a t  S t r u c t u r e d  P r o g r a m i n g  h a s  t o  
o f f e r  t o  a  p r o g r a m i n g  methodology f o r  &I, I worlld s a y  t h a t  S t r u c t u r e d  
P r o g r a m i n g  h a s  r a i s e d  two impor tan t  i s s u e s :  1) t h e  importance  of  t h e  
a b s t r a c t i o n  p r o c e s s  i n  p r o g r a m i n g  and t h e  need f o r  a b s t r a c t  i o n  
mechanisms, and 2) t h e  need f o r  d i f f e r e n t  l e v e l s  o f  d e s c r i p t i o n s  o f  
programs. Although t h e  S t r u c t u r e d  P r o g r a m i n g  methodology p u t s  much 
emphasis a n  t h e  p r o c e s s  o f  program c o n s t r u c t i o n ,  T b e l i e v e  t h a t  i t  may be 
premature  t o  e s t a b l i s h  a  s t r i c t  methodology f o r  A 1  program c o n s t r u c t i o n ,  
b u t  t h a t  we should  r a t h e r  c o n c e n t r a t e  on deve lop ing  t o o l s  t o  h e l p  t h e  
p r o c e s s  o f  A 1  p r o g r a m i n g .  The fo l lowing  s e c t i o n  w i l l  d i s c u s s  such t o o l s  
i n  more d e t a i l ,  

3 .  The r o l e  of  Programming Languages and Systems,  - - 

3 , 1 ,  Dimensions of  p r o g r a m i n g  l anguages .  - - ---- - 

I n  & h i s  s e c t i o n  we w i l l  d i s c u s s  how p r o g r a m i n g  l anguages  and sys tems can 
b e  used f o r  should  be  deve loped)  s o  a s  t o  a c h i e v e  t h e  g o a l s  o f  an 81 
p r o g r a m i n g  methodology a s  s k e t c h e d  i n  s e c t i o n  I ,  Bornat  and Brady (1935)  
have sugges ted  t h a t  p r o g r a m i n g  l anguages  shou ld  be  d e s c r i b e d  and 
e v a l u a t e d  a long  t h r e e  ( n o t  c ~ m p l ~ z t e l y  s e p a r a b l e )  d imens ions :  an 
u n d e r l y i n g  machine d imens ion ,  a l i n g u i s t i c  d imension,  and a  user -- -- --- 
dimens ion ,  The u n d e r l y i n g  machine dimension i s  concerned wi th  t h e  --- 
a b s t r a c t  machine on which programs i n  t h e  language can  b e  r u n .  T h i s  -- -- 
a s p e c t  o f  programming l anguages  i s  impor tan t  s i n c e  t h e  a b s t r a c t  machine 
d e t e r m i n e s  t h e  b e h a v i o u r s  t h a t  t h e  language can  produce.  The l i n g u i s t i c  
p r o p e r t i e s  o f  a p r o g r a m i n g  language i n c l u d e  n o t  o n l y  t h e  syntactic 
f e a t u r e s ,  bu t  a l s o  r e f l e c t  t h e  g e n e r a l  e x p r e s s i v e n e s s  o f  t h e  l anguage .  
The u s e r  d imension encompasses most o f  what i s  c a l l e d  t h e  programming 
env i ronment ,  For t h e  d i s c u s s i o n  oE p r o g r a m i n g  l anguages  and p r o g r a m i n g  
sys tems f o r  A X ,  I w i l l  adopt  t h e  c a t e g o r i z a t i o w  g i v e n  by Bornat  h Rrady, 
w i t h  two amendments. 

The l i n g u i s t i c  f e a t u r e s  t h a t  a language p r o v i d e s  can  bp s e e n  as 



a b s t r a c t i o n s  frool sequences  o f  p r i m i t i v e  o p e r a t i o n s  of t h e  u n d e r l y i n g  
a b s t r a c t  machine,  Moreover, a b s t r a c t i o n  mechanisms a r e  t o o l s  t o  enhance 
t h e  e x p r e s s i v e  power of  a  l anguage ,  For t h e s e  r e a s o n s  h would p r e f e r  t o  
use  t h e  tern a b s t r a c t i o n  dimension a l t h o u g h  t h e  ttro c o n c e p t s  a r e  meant t o  
b e  t h e  same. I n  a d d i t i o n  t a  t h e  t h r e e  d imens ions ,  t h e r e  i s  a  f o u r t h  
dimension which seems impor tan t  i n  A 1  p r o g r a m i n g ,  b u t  which seems l e s s  
r e l a t e d  t o  p r o g r a m i n g  languages  i n  p a r t i c u l a r ,  t h e  d e s c r i p t i v e  dimension,  
r e p r e s e n t i n g  t h e  mechanisms a v a i l a b l e  f o r  c o n s t r u c t i n g  a  m u l t i - l e v e l  
d e s c r i p t i o n  o f  programs, I n  c o n n e c t i o n  w i t h  t h e  n o t i o n  "cancep tua l  
p r o g r a m i n g "  l, we have d i s c u s s e d  t h e  r e l e v a n c e  o f  such d e s c r i p t i o n s  ; i n  
s e c t i o n  3 - 5  we w i l l  t r y  t o  r e l a t e  t h e  d e s c r i p t i v e  dimension t o  t h e  o t h e r  
d imensions .  

3 . 2 -  A b s t r a c t  machines.  - - 

Every p r o g r a m i n g  language ( f rom IaCRO-10 t o  KRL) h a s  a  cor responding  
underlyi.ng a b s t r a c t  ( v i r t u a l  o r  r e a l )  machine which i s  t h e  p rocessor  by 
which t h e  programs i n  t h e  language a r e  e x e c u t e d ,  The a b s t r a c t  machine i s  
c h a r a c t e r i z e d  by t h e  p r i m i t i v e  o p e r a t i o n s  i t  p r o v i d e s ,  w h i l e  t h e  s e t  o f  
p r i m i t i v e  o p e r a t i o n s  de te rmines  t h e  p r o c e s s e s  t h a t  can  be  implamented i n  
t h e  language ( 1 ) .  I n  t h e  p r o c e s s  o f  a n a l y s i n g  and d e s c r i b i n g  a  
p r o g r a m i n g  language o r  t h e  d e s i g n  o f  a  p r o g r a m i n g  language ,  i t  i s  o f  
prime importance t o  i s o l a t e  t h e  p r i n c i p l e s  on  which t h e  a b s t r a c t  machine 
i s  based b e c a u s e ,  o n l y  when t h e  a b s t r a c t  machine i s  c l e a r l y  unders tood ,  
can  t h e  p o s s i b i l i t i e s  and r e s t r i c t i o n s  t h a t  t h e  language o f f e r s  become 
t r a n s p a r a n t ,  and the reby  t h e  range  o f  a p p l i c a b i l i t y .  The FUNARG problem i n  
LISP was a  t y p i c a l  example o f  opaque f e a t u r e s  o f  t h e  LISP a b s t r a c t  
machine,  which a r e  now w e l l  unders tood ,  S i m i l a r l y ,  c e r t a i n  d e s i g n  
d e c i s i o n s  ( l i k e  scope r u l e s  f o r  pass ing  f u n c t i o n a l  v a l u e s  a s  r e s u l t s  i n  
AEGCfL-68) can be exposed and a n a l y s e d ,  once t h e  a b s t r a c t  machine i s  
d e f i n e d  , 

The q u e s t i o n  t h a t  a r i s e s  i n  t h i s  c o n t e x t ,  i s  how t o  d e s c r i b e  a b s t r a c t  
machines ,  how t o  compare them and e v a l u a t e  t h e i r  p r o p e r t i e s ,  One way t o  
a c h i e v e  a  fo rmal ized  d e f i n i t i o n  o f  a b s t r a c t  machines i s  t o  r e p r e s e n t  them 
by d e f i n i t i o n a l  i n t e r p r e t e r s  (Reynolds ,  19761, w r i t t e n  i n  a  language which 
i s  wel l  unders tood and h a s  a  c l e a r  s e m a n t i c s ,  l i k e  pure  LISP o r  t h e  Lambda 
c a l c u l u s .  D e f i n i t i o n a l  i n t e r p r e t e r s  have been used t o  d e f i n e  LISP 
(&Carthy e t  a l ,  19621, GEDAmEN (Reynolds ,  1 9 7 1 1 ,  ISWIM (Landin ,  19661,  
Although t h e s e  i n t e r p r e t e r s  g i v e  some i d e a  o f  what t h e  a b s t r a c t  machine 
t h a t  u n d e r l i e s  a  language looks  l i k e ,  i t  remains  d i f f i c u l t  t o  compare t h e  
d i f f e r e n t  a b s t r a c t  machines ,  and t o  unders tand  why c e r t a i n  f e a t u r e s  a re  
p r e s e n t  o r  a b s e n t  i n  t h e  language.  An approach t o  t h i s  problem can be t o  
s p e c i f y  a  more g e n e r a l  a b s t r a c t  machine,  which accommodates a l l  f e a t u r e s  
o f  a  c e r t a i n  s e t  o f  l anguages ,  and t o  d e f i n e  each p a r t i c u l a r  language i n  
terms o f  an a b s t r a c t  machine which i s  an  i n s t a n t i a r i o n  o f  t h e  g e n e r a l  
model. L a n d i n g s  (19661 SEGD machine can be  thought  o f  a s  such a  g e n e r a l  
machine,  Bobrow & Wegbreit (1973)  proposed a  g e n e r a l  p r o c e s s  model 
-commonly k n o w  a s  t h e  " s p a g h e t t i  s t a c k  modelta- f o r  d e s c r i b i n g  t h ~  
i n t e r a c t i o n s  between c o n t r o l  behaviour  and environments  i n  l anguages  l i k e  

( I )  S i n c e  a  p r o g r a m i n g  language u s u a l l y  r e p r e s e n t s  a  u n i v e r s a l  Tur ing 
machine,  we can o f  c o u r s e  implement anytiaing i n  i t  by w r i t i n g  s p e c i a l i z e d  
i n t e r p r e t e r s  ( l i k e  CONNIVER was implemented i n  LISP) ,  Here we w i l l  i g n o r e  
t h i s  t r i v i a l  i n t e r p r e t a t i o n  o f  t h e  n o t i o n  o f  implementa t ion ,  and w i l l  on ly  
be concerned wi th  programs t h a t  can  be  expressed  i n  t h e  p r i m i t i v e  opera-  
t i o n s  o f  t h e  under ly ing  a b s t r a c t  machine and a b s t r a c t i o n s  t h e r e o f .  



LISP, Such models c a n ,  a s  Bobrow H Wegbreit  have s h o r n ,  I )  p r o v i d e  i n s i g h t  
i n  p a r t i c u l a r  c o n s t r u c t s  i n  a l anguage ,  and 2 )  g i v e  i n d i c a t i o n s  how 
c e r t a i n  b e h a v i o u r s  c a n  b e  recogn ized  by the i n t e r p r e t e r  and be  implemented 
e f f i c i e n t l y *  The Bobrow d Wegbreit  model was however r a t h e r  o r i e n t e d  
towards  LISP and f a i l e d  t o  d e s c r i b e  c o n s t r u c t s  o f  o t h e r  languages  
p r o p e r l y ,  such  a s  SfMUEW C l a s s e s ,  p a r t i a l  a p p l i c a t i o n  a s  i n  POP-2 
( B u r s t a l l  e t  a l e  29711, and c o n t r o l - c l o s u r e s  ( a s  g e n e r a t e d  by L a n d i n ' s  J- 
o p e r a t o r ) ,  S teeEe (1977) p roposes  s e v e r a l  m o d i f i c a t i o n s  and e x t e n s i o n s  o f  
t h e  Robrow & Wegbreit  model ,  A i c h  a t l o w  f o r  s t a t i c  a s  wePf a s  Eor dynamic 
b i n d i n g ,  and f o r  c o n t r o l - c l o s u r e s .  

Wornat h Wiel inga (1976)  proposed a  model based on t h e  i d e a s  o f  Bobrow 5 
Wegbre i t ,  b u t  wi th  a  somewhat wider  s c o p e ,  and w i t h o u t  Lhe i ap lementae ion  
d e t a i l s  ( a l t h o u g h  a  p re l imenary  v e r s i o n  o f  t h e  model was implemented i n  
E V I L  ( ~ o r n a t  ti Wiel inga ,  1975) w i t h  s p a g h e t t i  s t a c k s ) .  I n  t h i n  model 
computa t iona l  s t a t e s  o f  an  a b s t r a c t  machine a r e  r e p r e s e n t e d  a s  d a t a -  
s t r u c t u r e s .  Process-State-Descriptors (PSD), A PSD c o n t a i n s  s l o t s  f o r  
s p e c i f y i n g  t h e  o p e r a t i o n s  t h a t  a  p r o c e s s  i n  a  g i v e n  s t a t e  m u s t -  ( c a n )  
p e r f o m ,  s l o t  f o r  l o c a l  v a r i a b l e s ,  a  s l o t  f o r  an  access-environment ,  a  
s l a t  which d e s c r i b e s  & a t  a c t i o n  t h a t  i s  t o  be t a k e n  when t h e  p rocpss  i s  
f i n i s h e d  o r  suspends  i t s e l f ,  and a  s l o t  f o r  a  d e s c r i p t i o n  o f  t h e  s c t  o f  
a c t i v e  p r o c e s s z s  c h i s  p r o c e s s  i s  p a r t  o f .  The PSD model accoun t s  Tor a 
v a r i e t y  of  o b j e c t s ,  such  as f u n c t i o n a l  v a l u e s ,  a c c e s s - c l o s u r e s  (LTSP's 
F W A R G ) ,  c o n t r o f - c l o s u r e s  ( c f .  Land in ' s  J - o p e r a t o r ,  jBJMPOUT i n  PQP-2, 
e s c a p e  f u n c t i o n s ) ,  l a b e l  v a l u e s  (TAG" i C O ~ T V E R ) ,  SIMmaW CkASSes, 
p a r t i a l l y  a p p l i e d  f u n c t i o n s  (POP-2) and t h e  v a r i o u s  c l o s u r e s  Lhn t  can be  
c r e a t e d  i n  ELI f W e g b r ~ i t ,  1373) ( s e e  f o r  more d e t a i l s  Bornst  & Wiel ingn,  
1973) * 

Formula t ing  an a b s t r a c t  machine i n  a  model l i k e  t h e  PSD model h e l p s  i n  
u z ~ d e r s t a n d i n g  t h e  language and i t s  d e s i g n  c r i t e r i a  and nay l ead  t o  f u r t h e r  
development o f  p r o g r a m i n g  language f e a t u r e s .  Moreover, a language which 
i s  based on a  wel l -des igned a b s t r a c t  machine ,  w i l l  n o t  o n l y  p rov ide  we l l -  
s r r u c t u r e d  c o n t r o l  p r i m i t i v e s ,  b u t   ill a l s o  be more e f f i c i e n t  s i n c e  t h e  
u n d e r l y i n g  machine can r e c o g n i z e  tile c o r r e s p o n d i n g  c o n t r o l  behsv iourq  arid 
hence inplement  them e f f i c i e n t l y .  Thc methodo log ica l  consequence of t h i s  
i s  that p r o g r a m i a g  l anguage  d e s i g n e r s  shou ld  c o n t i n u e  t o  d e v e l o p  new 
a b s t r a c t  machines  and new models f o r  computa t iona l  b e h a v i o u r s ,  i n  o r d e r  t o  
e n r i c h  t h e  vocabu la ry  o f  programming c o n c e p t s  t h a t  t h e  A 1  programajrr can 
us2 e f f i c i e n t l y  The ACTOR-model o f  computat ion ( H e w i t t ,  8 9 7 3 )  i s  an 
example o f  a  mode? t h a t  showed c l e a r l y  how r e s t s i c r i v e  t r a d i t i o n a l  
p r o g r a m i n g  l anguages  (based  on f u n c t i o n  c a l l s  a s  t h e  b a s i c  concro i  
mechanism) were ,  and which provided new ways t o  t h i n k  about  and t o  
d e s c r i b e  c o n t r o l  i n  programs,  

A second co-wsequencc3 i s  t h a t  L I S P  and t h e  a b s t r a c t  machine t h a t  amdt:rl i p s  
L I S P  w i l l  n o t  remain adequa te  f o r  W I  r e s e a r c h .  The b a s i c  LISP machine i s  
t o o  r e s t r i c ~ e d ,  Ex tens ions  such a s  s p a g h e t t i - s t a c k  p r i m i t i v e s  and v a r i o u s  
f a c i l i t i e s  which a r e  based on t h e  z r r o r - h a n d f i ~ g  mechanism l e g .  i n  
INTERLISP) a r e  -1 b e l i e v e -  r e a l l y  p a t c h e s  t o  t h e  b a s i c  machine.  An ~ n e i r e  
new d e s i g n  o f  t h e  a b s t r a c t  mac l~ ine  f o r  new AH p r o g r a m i n g  Iangsxages i s  
needed ,  one which i n c o r p o r a t e s  p r i m i t i v e s  t o  hand le  such n o t i o n s  a s  
p r o c e s s ,  f u n c t i o n a l  d a t a s t r t ~ c t u r e s ,  b a t a - d r i v e n  p r o c e s s i n g ,  mrizlt i -  
p r o c e s s i n g ,  

An e x m p l ~  o f  a c l a s s  oB language f e a t u r e s  which requires  ahstrat-!  
machines &Bch d i  fEer from t h e  ones  we have d i s c u s s e d  above,  i s  t h e  c l a s s  
of'  -- g e n e r a l i z e d  - - --- - - i n v o c a t i o n  mechanisms ( D a v i s ,  1 9 7 7 3 ,  such a s  event.-driven 
I nvocntiow , goal  -d i reeked i n v o c a t r o n ,  con ten t -&;  r e c t e d  invocar i o n .  e t c  . 



Mechanisms o f  t h i s  t y p e  a r e  used i n  P r o d u c t i o n  Systems ( a  good overview 
can h e  found i n  Davis & Ring ,  59751, PLAMNER ( H e w i t t ,  1972;  Sussman & 
Winograd, 59701, QA4 and QLISP ( B u l i f s o n ,  1973;  W i l b e r ,  19741, TKERESIAS 
( D a v i s ,  1977).  The conman i d e a  t h a t  u n d e r l i e s  the i n v o c a t i o n  tn~rhal t i s ras  i n  
t h e s e  Languages i s  t h a t  a  program can  be s t r u c t u r e d  a s  a  s e t  o f  
c o o p e r a t i n g  knowledge s o u r c e s ,  KS (Hayes-Both & L e s s e r ,  19771,  r e p r e s e n t e d  
a s  p r o c e d u r e s ,  p r o c e s s e s  o r  p r o d u c t i o n  r u l e s .  In  such a  sys tem t h e  
c e n t r a l  a c t i v i t y  i s  t o  d e c i d e  what RS t o  invoke n e x t  ( D a v i s ,  1 9 7 7 ) ,  Such a  
d e c i s i o n  can o n l y  b e  made when more i s  known about  a  KS t h a n  j u s t  i t s  
name. I n v o c a t i a n  o c c u r s  on t h e  b a s i s  of  some s o r t  d e s c r i p t i o n  of what- 
knowledge i s  i n c o r p o r a t e d  i n  t h e  KS o r  what g o a l s  t h o  KS w i l l  t r y  t o  
a c h i e v e .  T h i s  knowledge h a s  t o  b e  e x p l i c i t l y  p r e s c n t  i~ t h e  system and t h e  
sys tem must b e  a b l e  t o  use t h i s  knowledge,  I n  programs w r i t t e n  i n  t h r  more 
t r a d i t i o n a l  languages  ( L I S P ,  ALGOL, POP-?, EVIL) t h i s  knowledge i s  
i m p l i c i t  i n  t h e  s ! - ruc tu re  of t h e  program. I n  s e c t i o n  4 w e  w i l  l e l  ? b o r a t e  a 
h i t  = o r e  on t h e  r o l e  of  t h i s  tlype o f  knowledge i n  AS: programming. 

I n  r ~ l a t i 7 n  t o  t h e  S t ruc t r l r ed  Programming methodology we have d i s c u s s e d  
t h e  p r o c e s s  (3f a b s t r a c t i o n  in g e n e r a l  t e r m s ,  qnci contended t h a r  
ahs tk-act  i o n  i s  ammg t h e  most powcr f u l  t o o l s  i n  pr13grafaming (Di j k s t r a  , 
19721% The a b s t r a c t i o n  dimension of progrzmming languages i s  important 
because  n programming l a n g u a g ~  i s  more t hnn j u s t  a  V P I I ~ ~  1 i\ f o r  
communicating a  problem s o l u t i o n  t o  a  machine ,  i t  i s  a  -- probli-m-solving - . - - - - - - 
t o o l ,  The l i n g r r i s t i c  r e p e r t o i r e  of  a  l a n g ~ t a g e  imposes 3 pnrt i r17I : tr  -- 
s t r u c t u r e  on t h e  problem s o l v i n g  b c l ~ a v i o u r  o f  r h c  u s e r  (bussman S- 
ElcDermo: t ,  19731,  S o ,  t h e  a b s t r a c t  ions  t h a t  a r e  a ~ a t f i a  ( o r  can be rn8Lle) in  a  
language w i l l  a f f e c t  i t s  usc  and a p p l i c ~ b i l i t y  i n  a c e r t a i n  d o m a i n ,  

hl though t h e  d i s c u s s  ron  o f  a b s t r a c t  ion  i n  p r o g r a m i n g  languages  i s  f a i r 1  y  
r e c e n t ,  t h c  p r o c e s s  o f  abstraction h a s  been t h e  b a s i s  o f  t h e  c o n s t r u c t i o n  
of  most h i g h - f e v c l  languages  l i k ~  ALGOL-GO, POP-2, and perhaps  even 
FORTRAN. The l i n g u i s t i c  c o n s t r u c t  s t h a t  rt~esc. l anguages  o f  f e r  can be 
thought  of a s  a b s t r a c t i o n s  from t h e  behav iour  o f  t h e  u n d e r l y i n g  m a c h ; n ~ .  
The FOR s t a t e m r n t  i n  ALGOL-60 i s  an  a b s t r a c t i o n  o f  some sequence o f  
pr imir ivc> o p e r a t i o n s  o f  t h e  ALGOL macliine. I n  t h i s  i n t e r p r e t a t i o n ,  LISP i s  
not  a  h i g h - l e v e l  l anguage ,  s i n c e  it: d o e s n ' t  p r o v i d e  many qrore l i n g u i s t i c  
s t r u r t u r c l s  t h a n  t h e  p r i m i t i v e s  o f  t h e  LISP machine .  POP-2 which h a s  an 
u n d e r l y i a g  m 3 c h i n ~  s i m i l a r  t o  t h e  LISP machine,  h a s  a l a r g e r  r e p e r t o i r e  o f  
a b s t r a c t i o n s ,  l i k e  d n t a s t r u c t u r e s ,  i t e r a t i o n  c o n s t r u c t s ,  m a c r o ' s .  I view 
t h e  c o n t r o l  and d a t a  s t r u c t u r e s  b u i l t  i n  a langungc a s  i r n p l i c ~ f  
a b s t r a c t i o n s ,  c o n s t r u c t e d  by t h e  p r o g r a m i n g  l ~ n g u a g e  d e s i g n e r ,  which,  i n  
many c i r c u m s t a n c e s ,  t h e  user  i s  fo rced  t o  use  whether i ~ c  wants  o r  no t  (cg. 
a r r a y ' s  i n  ALGOL-60)- 

Bes ides  t h i s  type  of  a b s t r a c t i o n ,  t h e r e  i s  i n  most p r o g r a m i n g  l a r ~ g u a g c s  a 
way o f  i n t r o d u c i n g  a b s t r a c t i o n s  e x p l i c i t l y .  T r a d i t i o n a l l y  t h c s e  i n c l u d e  
p rocedure  c o n s t r u c t i o n  and  m a c r o > -  R e c e n t l y ,  t h e r e  have been s e v e r a l  
a t t e m p t s  t o  i n t r o d u c e  more powerful  a b s t r a c t i o n  mechanisms i n  programming 
l a n g u a g e s ,  R e l a t i v e l y  young l anguages  l i k e  PASCAL ( J e n s e n  h Wir th ,  1974) ,  
AZGOL-68 (van Wijngaarden e t a l .  1969) p rov ide  a b s t r a c t  d a t a  t y p e s .  
SXXULA-67 (Dahl e t  a l ,  19631 h a s  a  powerful  a b s t r a c t i o n  mechanism in  t h e  
form of  t h e  c l a s s  c o n c e p t ,  which can  be  seen  a s  a  d a t a  a b s t r a c t i o n  wi th  -- 
a s s a c l a r e d  o p e r a t i o n s .  The i d e a  t o  r z l a t e  d n t a  o b j e c t s  t o  t h e  s e t  o f  
o p e r a t i a n s  t h a t  a r e  a p p l i c a b l e  t o  t h e s e  o b j e c t s  i s  t h e  b a s i s  of  mare 
r e c e n t  c o n s t r u c t s  l i k e  t h e  CLU - c l u s t e r  --- - (L i skov  e t  a l .  19771, t h e  ALPmRD 
form (Wulf,  1974;  Shaw, 1 9 7 7 )  and t h e  EUCLID madulz (Papek e t  a l .  1 9 7 7 ) .  -- 
These l anguages  a l s o  p rov ide  v a r i o u s  forms o f  c o n t r o t  a b s t r a c t i o n s .  



fiPHAm i n c o r p o r a t e s  a mechanism f o r  s p e c i f y i n g  i t e r a t i v e  c o n s t r u c t s  
o p e r a t i n g  on a b s t r a c t  e n t i t i e s ,  Q i t h o u t  e x p l i c i t  dependence on t h e  
r e p r e s e n t a t i o n  o f  t h e s e  e n t i t i e s ,  CLU h a s  s i m i l a r  c o n t r o l  a b s t r a c t i o n  
mechanisms. 

The b a s i c  r a t i o n a l e  f o r  i n t r o d u c i n g  these new and powerful  a b s t r a c t i . o n  - 

mechanisms i n  programming l anguages  i s  a  methodo log ica l  one :  a b s t r a c k i o n s  
s e p a r a t e  implementa t ion d e t a i l s  from t h e  a c t u a l  d e s i r e d  behav iour  and use  
o f  a d a t a  a b j e c t ,  they  a l l o w  i n c r e m e n t a l  program development by s p e c i f y i n g  
a b s t r a c t  p r o p e r t i e s  o f  modules s e p a r a t e l y  from t h e i r  implementation, 
A b s t r a c t i o n  t e c h n i q u e s  can  be o f  use  i n  A 1  programqing because  they  may 
p r o v i d e  u s  wi th  a t o o l  t o  m a s t e r  t h e  complex i ty  o f  l a r g e  A 1  programs,  
p rov ided  t h e  a b s t r a c t i o n  mechanisms do n o t  impose t o o  many r e s t r i c t i o n s  on 
t h e  u s e r ,  The loop  s p e c i a l i z a t i o n  f a c i l i t y  i n  ALPHARD f o r  i n s t a n c e ,  
d i s c o u r a g e s  ( o r  may even make i m p o s s i b l e )  t h e  c o n s t r u c t i o n  o f  l o o p s  i n  
which o n l y  p a r t s  o f  a  s r r r l c t u r e  a r e  used o r  a o d i f i e d  i n  t h e  l o o p ,  Such  
r e s t r i c t i o n s  a r e  p rabab iy  u n a c c e p t a b l e  f o r  t h e  A1 u s e r ,  

TELOS ( T r a v i s  et a l ,  1 9 7 7 )  i s  a  PASCAL-based AT l anguage ,  which c o n t a i n s  a 
number o f  a b s t r a c t i o n  mechanisms t a i l o r e d  t o  A 1  r equ i rements  a s  we l l  a s  
a i h e r  f e a t u r e s  l i k e  e v e n t  h a n d l i n g  mechanisms (demons),  co - rou t i -nes ,  and 
an a s s o c i a t i v e  d a t a b a s e .  TELOS p r o v i d e s  a  powerful  s e t  of  t o o l s  f o r  AT 
programming which a r e  more up t o  d a t e  w i t h  t h e  c u r r e n t  s t a t e  o f  t h e  a r t  i n  
Computer Sc ience  than  t r a d i t i o n a l  A I  l a n g u a g e s ,  The l a c k  o f  a f l e x i b l e ,  
i n t e r a c t i v e  p rogrami -ng  environment may, however,  hamper t h e  u s e  of  t h i s  
language f o r  major AI p r o j e c t s .  CSSA (Computing System f o r  S o c i e t i e s  o f  
A c t o r s ;  Boehrn e t  a l .  1977) p r o v i d e s  a b s t r a c t i o n  mechanisms based on 
a c t o r s ,  Although t h i s  language seems t o  c o n t a i n  i n t e r e s t i n g  i d ~ a s ,  i t  i s  
n o t  <yet:) a  f u l l - f l e d g e d  A I  l anguage .  I n  any c a s e ,  t h e  i n t r o d u c t i o n  of  
e x p l i c i t  a b s t r a c t i o n  mechanisms t a i l o r e d  f o r  AL needs  i n  new programin .g  
Languages f o r  A: seems a promis ing way t o  proceed arid d e s e r v e s  more 
a t t e n t i o n ,  

The programming env i ronment ,  -- - - 

In an e a r l i e r  s e c t i o n  we have propounded t h a t  A 1  programmin: necds  a  
F l e x i b l e  environment i n  o r d z r  t o  f a c i l i t a t e  t h e  c o n s t r u c t i o n  and a n a i y s i q  
o f  Large and complex programs, Cruc ia l  t o  t h i s  aim i s  an i n t e r a c t i v e  - 
environment whsre a l l  a c t i v i t i e s  of A 1  p r o g r a m i n g  c-ln be performed i n  an 
i n t e g r a t e d  way: c r e a t i n g  a  program, runn ing  and debugging i t ,  changing i t ,  
moni to r ing  and a n a l y s i n g  i t s  behav iour  and documenting i t .  C l a s s i c a l  
programming systems ( o r i e n t e d  towards  n o n - i n t e r a c t i v e  languages  like 
ALGOL, FORTRAN,  PASCAL e t c , )  s e p a r a t e  t h e s e  p r o c e s s e s :  c o m p i l i n g ,  e d i t i n g ,  
and documenting a r e  done by s e p a r a t e  programs which d o  n o t  ( o r  h a r d l y )  
communicate- P r o g r a m i n g  languages  i n  which programs can be  handled ~5 -- 
d a t a  s t r u c t u r e s  in  t h e  language i t s e l f ,  and which a r e  i n t e r a c t i v e  ( n o t a b l y  
L I S P ,  EL1 and EVIL), can  p rov ide  a  more f l e x i b l e  s e r v i c e  t o  t h e  u s e r .  
L I S P ,  be ing  one o f  t h e  f i r s t  l anguages  where programs were a c c e s s a b l e  i-o 
t h e  programmer i n  t h e  form of  l i s t s ,  changed from a r a i h e r  s i a p l e ,  
m a t h e m a t i c a l l y  o r i e n t e d  language t o  t h e  b a s i s  o f  h i g h l y  s o p h i s ~ r c a t e d  
i n t e r a c t i v e  sys tems !INTERLISP, MPICLTSP; s e e  f o r  an e x t e n s i v e  accoune o f  
L n t e r a c t r v e  p r o g r a m i n g  i n  LISP Sandewal l ,  19782, INTERLISP ( a s  running 
on a  PDP-10, under t h e  'FEKEX o p e r a t i n g  sys tem;  Teitsbrnan,  1 9 7 5 )  p rov ides  
probably  t h e  most e x t e n s i v e  p r o g r a m i n g  a s s i s t a n c e  t h a t  i s  c u r r e n t l y  
a v a ~ l a b l e ,  The INTERETSP system i s  c e n t e r e d  round a  b a s r c  LTSP i w t e r p r ~ t ~ r  
wi th  s p a g h e t t i - s k a c k  f a c i l i t i e s  (Bobrow & W c g b r e i ~ ,  1 9 7 3 )  and atsg;siaaentcd 
w i t h  an  enormous v a r i e t y  o f  LISP f u n c t i o n s  and u t i l i t y  packages*  T h e  e r r o r  
h a n d l i n g  p a r e  of  t h e  i n t e r p r e t e r  can  t r a n s f e r  c o n t r o l  t o  s c v e r s l  modules 
o f  t h e  Programmer's A s s i s t a n t :  CLLSP, DWIM,  b reak  package,  e r r o r  message 



package e t c .  CLISP h a n d l e s  ALGOL-like e x p r e s s i o n s  l i k e  IF-THEN-ELSE and 
m I L E  c o n s t r u c t s  which a r e  n o t  normal ly  p rov ided  i n  LISP ( T e i t e l m a n ,  
13731, BSJIK ( T e i t e l m a n ,  1972) is  a package t h a t  d e t e c t s  and o p t i o n a l l y  
c o r r e c t s  s p e l l i n g  m i s t a k e s .  A t  b r e a k  l e v e l  a  v a r i e t y  o f  i n f o r m a t i o n  and 
a c t i o n s  i s  a v a i l a b l e :  e l a b o r a t e  e r r o r  a n a l y s i s ,  s e v e r a l  f o m s  o f  
b a c k t r a c e ,  changing v a r i a b l e s  e t e .  S o p h i s t i c a t e d  e d i t i n g ,  p r e t t y - p r i n t i n g  
and c r o s s - r e f e r e n c e  f a c i l i t i e s  a r e  a l s o  a v a i l a b l e ,  Most o f  t h e s e  
f u n c t i o n s  have  a l s o  been implemented i n  o t h e r  sys tems  ( e g .  UCI-LISP 
p r o v i d e s  s i m i l a r  packages)  b u t  t h e  e s s e n t i a l  f e a t u r e  o f  INTERLISP i s  t h e  
h i g h  d e g r e e  o f  i n t e g r a t i o n  o f  t h e s e  modules.  The r e c e n t  development o f  a  
"Disp lay  O r i e n t e d  P r o g r a m e r "  A s s i s t a n t "  "(Tteltnan, 1977) p r o v i d e s  a  
f l e x i b l e  and h i g h l y  i n t e g r a t e d  environment  where t h e  u s e r  can  manage 
s e v e r a l  s imul taneous  t a s k s  and c o n t e x t s  f o r  c r e a t i n g  programs,  t e s t i n g  
them, e d i t i n g  and i n t e r a c t i n g  w i t h  t h e  LISP i n t e r p r e t e r ,  

Although r e s e a r c h  a long  t h i s  l i n e  i s  impor tan t  because  e a s e  o f  
programming c l e a r l y  i s  a  major  r equ i rement  o f  A I ,  i t s  scope i s  l i m i t e d ,  
s i n c e  t h i s  approach i s  b a s i c a l l y  non-knowledge b a s e d ,  The INTERLISP 
sys tem knows about  s imple  m i s t a k e s  t h a t  peop le  make, i t  knows about  
i n t e r n a l  and e x t e r n a l  r e p r e s e n t a t i o n s  o f  LISP f u n c t i o n s  and i t  does  a l o t  
o f  a d m i n i s t r a t i v e  work. It does  n o t ,  however,  know much about  t h e  a c t u a l  
program t h e  u s e r  i s  working o n ,  i t s  c o n c e p t u a l  s t r u c t u r e ,  g o a l s  and 
i n t e n t i o n s ,  r e l a t i o n  t o  o t h e r  programs e t c .  S i g n i f i c a n t  improvements o f  
t h e  c a p a b i l i t i e s  o f  a  p r o g r a m e r ' s  a s s i s t a n t  can o n l y  b e  made i f  t h e  
sys tem h a s  a  deeper  u n d e r s t a n d i n g  of  t h e  program under c o n s t r u c t i o n  and 
t h e  methods and g o a l s  o f  t h e  programmer. I n  s e c t i o n  3 , s  we w i l l  d i s c u s s  
how such sys tems could  p o s s i b l y  b e  developed.  

Working i n  a  f l e x i b l e  i n t e r a c t i v e  environment  h a s  a n o t h e r  me thodo log ica l  
consequence,  b e s i d e s  enhancing t h e  e a s e  o f  programming: i t a f f e c t s  t h e  
s t y l e  o f  programming. P r o g r a m i n g  i n  L I S P  i s  o f t e n  done i n c r e m e n t a l l y ,  
i , e .  f u n c t i o n s  a r e  w r i t t e n ,  t e s t e d  and changed a s  i n d i v i d u a l  u n i t s ,  one 
a f t e r  t h e  o t h e r ;  t h e  program i s  g r a d u a l l y  developed i n  a  bottom-up way, 
T h i s  phenomenon i s  p a r t i a l l y  due t o  t h e  i n t e r a c t i v e  environment and 
p a r t i a l l y  t o  t h e  b a s i c  s t r u c t u r e  o f  t h e  LISP i n t e r p r e t e r :  t h e  common 
d a t a b a s e  and t h e  dynamic b i n d i n g  scheme, I n  a  s t a t i c  b i n d i n g  environment 
( s u c h  a s  i s  provided i n  l anguages  l i k e  ALGOL) much l a r g e r  p i e c e s  o f  a 
program have t o  be  developed a t  one t i m e ,  The l e x i c a l  scope r u l e s  i n  
ALGOL-like l anguages  e n f o r c e  much more s t r u c t u r e  on a  program t h a n  L I S P  
d o e s .  

The s t y l e  o f  programming t h a t  seems "na tu ra" rP  " LISP h a s  been c a l l e d  
" s t r u c t u r e d  growt1-t" (Sandewal l ,  1 9 7 8 ) :  program development s t a r t s  o u t  wi th  
a s imple  i n i t i a l  program, which i s  t e s t e d  and a l lowed t o  grow by 
i n c r e a s i n g  t h e  complexi ty  o f  i n d i v i d u a l  modules.  The e x p e r i m e n t a l  approach 
t o  A 1  probab ly  r e q u i r e s  a  p r o g r a m i n g  environment which s u p p o r t s  
s t r u c t u r e d  growth,  a s  w e l l  a s  more t o p - d o m  d i r e c t e d  methods .  However, i t  
seems t o  me t h a t  LISP d o e s n 8 t  p rov ide  enough s t r u c t u r i n g  t o o l s  t o  p r o p e r l y  
s u p p o r t  such a  p r o g r a m i n g  methodology.  A b s t r a c t i o n  mechanisms which 
s e p a r a t e  c o n c e p t u a l  s t r u c t u r e s  from t h e i r  implementa t ion a r e  -1 f e e l -  a 
minimal r equ i rement  f o r  a  p r o g r a m i n g  language t h a t  i s  t o  suppor t  
s t r u c  t x r e d  growth.  

3 - 5 .  Program d e s c r i p t i o n s  and program u n d e r s t a n d i n g .  - - -- - -- 

E a r l i e r  we have  i n t r o d u c e d  t h e  t e r n  '%conceptual p r o g r a m i n g ' '  (Winograd, 
1674 ;  Sandewal l ,  19771, r e p r e s e n t i n g  a  p r o g r a m i n g  s t y l e  wiaich i n k e g r a t e s  
a l l  a c t i v i t i e s  o f  p r o g r a m i n g  i n  a ware " n a t u r a l "  way, p r e f e r a b l y  w i t h  t h e  
h e l p  o f  a 'knowledgeableu computer sys tem.  C e n t r a l  t o  t h e  c o n c e p t u a l  



p r o g r a m i n g  i d e a  i s  t h e  view o f  a program as a  Large i n f o m a t i o n  
s t r u c t u r e ,  c o n t a i n i n g  n o t  j u s t  t h e  a c t u a l  code ,  b u t  a l s o  -and even anore 
importan&- more c o n c e p t u a l  r e p r e s e n t a t i o n s  o f  t h e  program: s p e c i f i c a t i o n s  
o f  t h e  problem it i s  t r y i n g  t a  s o l v e ,  d e s c r i p t i o n s  o f  i n t e r n a l  g o a l s  and 
i n t e n t i o n s ,  i n p u t l o u t p u t  b e h a v i o u r ,  overaLi  s t r u c t u r e  e t c ,  T r a d i t i o n a l l y  
o n l y  a  few r e p r e s e n t a t i o n s  o f  programs have  been used:  program t e x t ,  w i t h  
o r  w i t h o u t  comments, f low-char t s  o r  t r e e - d i a g r a m s ,  c r o s s - r e f e r e n c e  
L i s t i n g s ,  a s s e r t i o n s ,  b u t  o n l y  t h e  program cext  i s  i n t e r p r e t e d  by t h e  
computer sys tem ( a p a r t  f r m  program v e r i E i c a t i o n  sys tems which may use  
a s s e r t i o n s ,  b u t  t h e s e  sys tems a r e  n o t  advanced enough t o  h a n d l e  complex AT 
programs) ,  The i n t r o d u c t i o n  o f  -- t y p e s  i n  programming l anguages  was a  smail  
s t e p  towards  a  mare c o n c e p t u a l  r e p r e s e n t a t i o n  o f  t h e  v a r i o u s  a s p e c t s  o f  a 
program, b u t  i n  g e n e r a l  t o o  r e s t r i c t i v e  f o r  A I  p r o g r a m i n g .  The type  o f  
t h e  LISP f u n c t i o n  M P C A R  f o r  i n s t a n c e ,  shou ld  be r e p r e s e n t e d  a s  something 
l i k e  "a f u n c t i o n  which t a k e s  a s  a r g t ~ m e n t s  a  l i s t  and a f u n c t i o n ,  and 
r l e h ~ v e r s  a s  r e s u l t  a  l i s t  of  o b j e c t s  o f  t h e  t y p e  t h a t  t h e  f u n c t i o n a l  
argument r e t u r n s P 8 ,  t4i110grad ( f  9 7 4 )  a r g u e s  r i g h t l y  f o r  semant ic  - [ r a i ~ l a r ~  
t h a n  syntactl~b - d e s c r i p t i o n s  - - - of o b j e c t s  i n  programs. Such a  d e s ~ r l p t i o n  
s i ~ o u l d  r e p r e s e n t  t h e  c o n c e p t u a l  r o l e  o f  an  o b j e c t  i n  a  p r u g r m .  An 
i n t e l l ~ g e n t  P r o g r a m e r ' s  A s s i s t a n t  can use t h e s e  d ~ s c r i p t ~ o n s  i n  t h e  
p rocess  o f  debugging,  check ing  and ev2n c o n s t r u c t i n g  p a r t s  o f  t h e  program* 
Gnven e x p l r c i t  d e s c r i p t i o n s  o f  t h e  c o n d i t i o n s  t h a t  p a r t  o f  a  program 
r e q u r r r s ,  and o f  t h e  g o a l s  t h a t  i t  i s  t r y i n g  t o  a c h i e v e ,  suc1-1 a  system 
could  dynamica l ly  check t h e s e  d e s c r i p t i o n s  and debug t h e  program. HhCRER 
(Sussman, 1973) shows how a  programming system can do t h i s  and even l e a r n  
from d3ing ~ t ,  i n  a  s p e c i f i c  dornarn, The b a s i c  i d e a  behind KWCKEK i s  a  
prugramaing system t h a l  c o n s t r u c t s  programs a long  w i t h  d e s c r i p t i o n s  o f  
t h e i r  t e l ~ o l o g i c a l  s t r u c t u r e .  Th i s  d e s c r i p t i o n  i s  then  used t o  debug t h e  
program by runn ing  i t  i n  " c a r e f u l "  mode I n  which t h e  d e s c r i b e d  g o a l s  a r e  
c o n c i n o u s l y  checked a g a i n s t  t h e  a c t u a l  performance o f  t h e  program. ?%is 
r s s e a r c h  and r s i a t o d  work o f  G o l d s t e i n  (19741 ,  S a c e r d o t i  ( 1 9 7 5 ) ,  an3 
Waldinger (1975)  on t h e  r e p r e s e n t a t i o n  o f  program s t r u c t u r e  i n  t h e  f o m  of  
p l a n s ,  can  p rov ide  a c o n c e p t u a l  framework f o r  programming systems which 
"unders tandL '  programs P r o j e c t s  more o r  l e s s  based on such a  framework 
a r e  on t l lc  way t o  c o n s t r u c i  an " P r o g r a m e r ' s  A p p r e n t i c e U 9  i e ,  a system 
which works t o g e t h e r  w i t h  an e x p e r t  programmer on i h e  cclns&ruckion of 
realistic programs (Rich & Shrobe ,  1977; Sinit11 & H e w i t t ,  1974) .  These 
sysrems emphasize - in  c o n t r a s t  wi th  au tomat ic  p r o g r a m i n g  sys tems 
(Waldinger  & Manna, 1 9 7 7 ;  Green,  1977)- t h e  c o o p e r a t i v e  r e l a t i o n s h i p  
between t h e  p r o g r a m e r  and t h e  p r o g r a m i n g  sys tem.  The r o l e  o f  tiar 
computer systera i s  p r i m a r i l y  t o  h e l p  i n  managing t h e  low level d ~ i a i l s  o f  
the program arad t o  g u a r a n t e e  t h a t  i t  w i l l  be c o r r e c t .  Bui idxrsg  sucl-i 
sys tems seems 3 more r e a l i s t i c  goal. t han  t h e  c o n s t r u c t i o n  o f  f u l l y  
automated p r o g r a m r n g  s y s t e m s ,  

Evec i f  WP put t h e  long term g o a l  o f  a P r o g r a m e r ' s  A s s i s t a n r  a s i d e  f o r  
Lhe Liae b e i n g ,  t h e  concept  o f  program d e s c r i p e  i o n s  remains  a  re1 ~ v a r r t  
i s s u e  f o r  programming language d e s i g n e r s .  One of  t h e  cheered  f e a t u r c s  i n  
LISP  1 s  t h c  f a c t  t h a t  programs can  be  handled a s  d a s a ,  and a s  such p rov ide  
- 0 t 3  a very  p r i r n r t i v e  l e v e l -  a d e s c r i p t i o n  mechan-i sm (which i s  a r t u a I I y  
used f o r  debugging p u r p o s e s ) ,  A programming language which i s  t n  support 
concep;unl programming r e q u i r e s  b o t h  r i c h  l i n g u i s t i c  f a c i l i t i e s  t o  aX4ow 
'he u s e r  t o  e x p r e s s  the c o n c e p t u a l  structure of  lais program, a s  W P B  1 a s  i t  
n e e d s  a powi.rTuli a b s t r a c t  machine which i s  a b l e  t o  i n t e r p r e t .  t l l ~ s ~  
d e s c r i p t i o n s .  h e  of  t h e  c l a i x s  f o r  KWL i s  Thai i t  e n c o r p o r d t e s  auch  
F a c i l  t t l ~ s ,  a t  'Beast f o r  d e c l a r a t - a v e  a s p e c t s  o f  programss  d r s c r i p t  i o n s  CilT'8 

be a s s o c i a t e d  w i ~ h  o t h e r  d e s c r i p ~ i o i ~ s ,  to d e s c r i b e  what they  a r e  f o r  and 
how t h e y  c a n  h e  used ,  Grea t  c a r e  shou ld  be  t aken  hc~wever,  $0 deC-snt 
c l e a r l y  how srjch w e t a - d e s c r i p t i c n s  can be used by t h e  sys tem* RRS (Smith, 



s t r u c t u r e s )  on a a n y  l e v e l s  i n  domain-spec i f i c  t e r n s ,  T h i s  r i c h n e s s  o f  
r e p r e s e n t a t i o n  may remove t h e  need f o r  complex p r o c e s s  i n t e r a c t i o n s .  

S u m a r i z i n g  t h e s e  p o i n t s ,  1 would say  t h a t  t h e r e  i s  no 
competence lpe rEomance  dichotomy i n  knowledge based programs,  j u s t  a  
continuum o f  u n d e r s t a n d i n g  o f  t h e  problem domain, The more s p e c i f i c  
d e s c r i p t i o n s  o f  knowledge u n i t s  become a v a i l a b l e ,  t h e  l e s s  g e n e r a l  
h e u r i s t i c s  and mesa-knowledge needs  t o  b e  i n c o r p o r a t e d :  competence becomes 
performance.  Zn A 1  t h e  u n d e r s t a n d i n g  o f  t h e  problem domain i s  r e f l e c t e d  
i n  t h e  p r o g r a m i n g  methodo log ies .  The g e n e r a l  methodology o f  ru le-based 
s y s t e m s ,  g e n e r a l  i n v o c a t i o n  sys tems and h e u r i s t i c  r u l e  guided sys tems i s  
c h a r a c t e r i s t i c  o f  domains which a r e  n o t  v e r y  w e l l  u n d e r s t o o d ,  which a r e  
i l l - s t r u c t u r e d  o r  which a r e  genu ine  problem s o l v i n g  s i t u a t i o n s  where 
s e a r c h  i s  r e a l l y  n e c e s s a r y ,  Such domains i n c l u d e ;  medical  d i a g n o s i s  
(HYCIN; S h o r t l i f f e ,  19741, ma themat ica l  d i s c o v e r y  (M4 ;  L e n a t ,  1 9 7 5 ) ,  mass 
s p e c t r a  a n a l y s i s  (Meta-DENDML, Buchanan & M i t c h e l l ,  19171, and g e n e r a l  
problem s o l v i n g  (GPS;  Newel1 & Simon, 19721 ,  Systems t h a t  work i n  w e l l  
unders tood  domains l i k e  t h e  b l o c k s  world (Winograd, 1972 )  o f t e n  use  
knowledge r e p r e s e n t a t i o n s  i n  which t h e  u s e  o f  knowledge i s  p r e d e f i n e d  and 
c o n c e n t r a t e  on p r o c e d u r a l  d e s c r i p t i o n s  o f  how t o  a c h i e v e  a  g o a l .  These 
sys tems a r e  c h a r a c t e r i z e d  by a complex f low o f  c o n t r o l  which i s  n o t  e a s i l y  
r e p r e s e n t e d  i n  ru le -based  sys tems .  The p r o g r a m i n g  methods used a r e  t h o s e  
o f  e g .  PLANNER, QLISP o r  C O W I V E R ,  

m a t  then  i s  t h e  e f f e c t  o f  t h i s  view on A I  programming methodology,  One 
consequence I can s e e ,  i s  t h e  need f o r  t o o l s  t o  r e p r e s e n t  t h e  range o f  
d i f f e r e n t  l e v e l s  o f  u n d e r s t a n d i n g  of  a  problem domaiq. KRL (Bobrow 5 
Winograd, 1 9 7 7 )  i s  c l e a r l y  i n  l i n e  w i t h  t h i s  methodology: i t  p r o v i d e s  
meci-ianisms f o r  b u i l d i n g  r i c h  d e s c r i p t i o n s  o f  knowledge from d i f f e r e n t  view 
p o i n t s -  It may t u r n  o u t  t h a t  t h e  m u l t i p l e  d e s c r i p t i o n s  and matching 
mechanisms o f  KRL a r e  an  a l t e r n a t i v e  f o r  powerful  c o n t r o l  s t r u c t u r e s ,  
p rov ided  we know what knowlzdge t o  d e s c r i b e .  I n  a  s i m i l a r  s p i r i t  Davis 
( 1 9 7 7 1  a r g u e s  f o r  t h e  i n t r o d u c t i o n  o f  g e n e r a l i z e d  i n v o c a t i o n  mechanisms In  
programming sys tems ,  which a l l o w  r e t r i e v a l  of  a p i e c e  o f  knowledge by 
g e n e r a l  d e s c r i p t i o n ,  r a t h e r  t h a n  j u s t  by i t s  g o a l  l i k e  i n  PLANNER, On t h e  
o t h e r  hand ,  when a domain i s  n o t  v e r y  w e l l  u n d e r s t o o d ,  a  powerful  
d e s c r i p t i v e  mechanism f o r  r e p r e s e n t i n g  c o n t r o l  i n f o m a r i o n  i s  n e ~ d e d -  
W O R D  (de  Klee r  e t  a l e  1917) p r o v i d e s  a  mechanism f o r  e x p l i c i t  c o n t r o l  i n  
r e a s o n i n g ,  The i n t e r n a l  c o n t r o l  domain i s  fo rmal ized  i n  such a  way t h a t  
t h e  system can m a n i p u l a t e  t h e  c o n t r o l  a s s e r t i o n s .  The e x p l i c i t  
r e p r e s e n t a t i o n  o f  f a c t s  about  how knowledge can be  u s a d ,  a l l o w s  t h e  
p o s s i b l e  q u a l i f i c a t i o n  o f  t h e  use  of  t h i s  knowledge.  

P would a rgue  f o r  a  methodology geared towards  t h e  c o n s t r u c t i o n  o f  
mechanisms f o r  r e p r e s e n t i n g  t h e  m u l t i p l i c i t y  o f  u n d e r s t a n d i n g ,  i , e .  
sys tems which can  swi tch  from t i g h t l y  c o n t r o l l e d  g o a l  d i r e c t e d  b e h a v i o u r ,  
t o  a  much more e x p l o r a t i v e  use  o f  knowledge.  Moore h Mewell (1973) d e f i n e  
t h e  c r l t e r i o n  f o r  unders tand ing  of  knowledge t o  1he i n  i t s  usta: 
u n d e r s t a n d i n g  a p i e c e  o f  knowledge i s  u s i n g  t h a t  knowl edge whenevexr 
a p p r o p r i a t e .  Such a p p r o p r i a ~ e  u s e  may come about th rough  c a r e f u l  
c o n s i d e r a t i o n  o f  t h c  c u r r e n t  c o n t r o l  s t a t e  o f  t h e  sys tem,  i.e, i t s  g o a l  
and i n t e n t i o n s ,  o r  th rough  e x t e n s i v e  d e s c r i p t i o n s  o f  t h e  a p p l i c a b i l i t y  o f  
t h e  knowledge t h a t  i s  a v a i l a b l e .  Tools  f o r  d e s c r i b i n g  t h e  m u l t i p l i c i t y  o f  
u n d e r s r a n d i n g  may h e l p  i n  t h e  p r o c e s s  o f  c o n s t r u c t i n g  a  t h e o r y  o f  
i n e e l l i g e n c e  t h a t  a c c o u n t s  b o t h  f o r  t h e  e r r a t i c  b e h a v i o u r s  tha f  humans 
d i s p l a y  i n  new s i t u a t i o n s  o r  when c o n f r o n t e d  wi th  new t a s k s ,  and f o r  tht: 
p e r f o m a n c e  o f  s k i l l e d  e x p e r t s ,  A s  N e i s s e r  p u t s  i t :  "Some t h i n k i n g  i s  
d e l i b e r a t e ,  e f f i c i e n t ,  and o b v i o u s l y  g o a l - d i r e c t e d ;  i t  i s  u s u a l l y  
exper ienced  a s  s e l f - c o n t r o l l e d  a s  w e l l .  O ther  menta l  a c t i v i t y  i s  r i c h ,  



c h a o t i c ,  and i n e f f i c i e n t ;  it  t e n d s  t o  b e  e x p e r i e n c e d  a s  i n v o l u n t a r y ,  i t  
j u s t  %happensf ,  It o f t e n  seems t o  b e  m o t i v a t e d ,  b u t  n o t  i n  t h e  same way a s  
d i r e c t e d  t h o u g h t "  (faeisser,  1967 ,  p297 ) . 

5 ,  Conc lud ing  r e m a r k s .  - - - - - -- - 

I n  t h e  b e g i n n i n g  o f  t h i s  p a p e r  we h a v e  posed  a  number o f  q u e s t i o n s  t h a t  a n  
A 1  programming methodology s h o u l d  a d d r e s s .  A l though  no c l e a r - c u t  a n s w e r s  
were  g i v e n ,  I hope  t o  h a v e  i d e n t i f i e d  some methods  t o  enhance  f u t u r e  AT 
programming,  One o f  t h e s e  methods  i s  t h e  deve lopmen t  o f  new l a n g u a g e s  For 
A 1  programming,  I b e l i e v e  A I  i s  o u t g r o w i n g  ( o r  h a s  a l r e a d y  outgrown)  LLSP 
( s e e  Anderson ( 1 9 7 6 )  f o r  more a r g u m e n t s ) ,  and  n e e d s  a n  e n t i r e l y  new 
framework which c a n  s e r v e  a s  a  b a s i s  f o r  A I  r e s e a r c h .  Not t h a t  I be l . i eve  
t h a e  t h e r e  w i l l  be  -and e v e r  c a n  he-  an u l t i m a t e  R L  l a n g u a g e ,  b u t  i t  i s  my 
f e e l i n g  t h a t  t h e  t i m e  i s  t h e r e  t o  c o n s t r u c t  a  new sys t em f o r  A T  
progrnmming,  which c a n  s e r v e  a s  a  new p l a t f o r m ,  on  a somgwhat h i g h e r  l t v e l  
t h a n  L I S P ,  on w h i c h  t h e  A T  programmer c a n  s t a n d .  Such a  sys t em s h o u l d  
r e f l e c t  t h e  c u r r e n t  s t a t e  o f  t h e  a r t  i n  Computer S c i e n c e  ( i . e .  h a v e  p r o p e r  
t o o l s  f o r  h a n d l i n g  a b s t r a c t i o n ,  p r o c e s s e s  e t c ) ,  a s  w e l l  a s  i n c o r p o r a t e  
w e l l - e s t a b l i s h e d  A 1  i d e a s .  It s h o u l d  p r o v i d e  a  power fu l  programming 
e n v i r o i ~ r n e n t ,  eg.. based  on t h e  e x p e r i e n c e  w i t h  INTERLISP, and i n c o r p o r a t e  
3 s  much i d e a s  o f  program d e s c r i p t i o n  f a c i l i t i e s  and program u n d e r s t a n d i n g  
a s  i s  f e a s i b l e ,  g i v e n  t h e  c u r r e n t  s t a t e  o f  t h e  a r t .  B u i l d i n g  such  a  
sys t em w i l l  u n d o u b t e d l y  r e q u i r e  a  l o t  o f  z f f o r t .  KRL may b e  a  s t e p  i n t o  
t t ~ i s  d i r e c t i o n ,  b u t  i t  may a l s o  t u r n  o u t  t o  be t o o  much o r i c n t a t c d  towards  
LLSP on t h e  one  hand and towards  n a t u r a l  l a n g u a g e  o n  t h e  o t h e r  h a n d ,  t o  
becoat. a  g e n e r a l  t o o l  f o r  A I .  I n  t h i s  p a p e r  I h a v e  c o n c e n t r a t e d  on r a t h e r  
g e n e r a l  i s s u e s ,  and n e g l e c t e d  some i n t e r e s t i n g  d e v e l o p n e n t s  of s p e c i f i c  
f e a t u r e s  o f  A 1  programming l a n g u a g e s  and s y s t e m s .  The d e v e l o p i n g  o f  t h e s e  
new f e a t u r e s  and e x p e r i m e n t i n g  w i t h  them i s  i m p o r t a n t ,  b u t  1 b e l i e v e  w i ~ h  
Honre ( 1 9 7 3 )  t h a t  programming l a n g u a g e  d e s i g n  and t h e  d e s i g n i n g  o f  new 
f e a t u r e s  s h o u l d  be  two s e p a r a t e  t h i n g s .  The programming l anguage  d e s i g n e r  
s h o u l d  n o t  i n c l u d e  u n t r i e d  i d e a s  o f  h i s  own i n  a new d e s i g n ,  b u t  r a t h e r  
t r y  t o  c a p t u r e  t h e  e s s e n c e  o f  many w e l l  t h o u g h t  o u t  i d e a s  and implement 
them a s  c l e a r  c o n c e p t u a l i z a t i o n s .  T h i s  may seem a  r a t h e r  c o n s e r v a t i v e  
v i e w  on t h e  A 1  programming l a n g u a g e  e f f o r t ,  b u t  i t  i s  my f e e l i n g  t h a t  i t  
may be  a key  t o  a  s u c c e s s f u l  programming me thodo logy ,  

The d e v e l o p m e l t  o f  t o o l s  and l a n g u a g e s  f o r  A I  i s  o n l y  one  way t o  ach i e~ ic?  
t h e  g o a l s  we h a v e  s e t  o u r s e l v e s ,  Tne development  o f  fo rma l i sms  f o r  
s p e c i f y i n g  A 1  t h e o r i e s  and f o r  r e p r e s e n t i n g  t h e  p r e c i s e  n a t u r e  o f  t h e  
probltams we arc working  o n ,  i s  e q u a l l y  i m p o r t a n t .  B u r s t a l  l 6 Gogrten (1977) 
p u t  i t  t h e  f o l l o w i n g  way: '"he main  i n t e l l e c t u a l  t a s k  o f  programming i s  
e l a b o r a t i n g  t h e  t h e o r i . - s  which d e s c r i b e  a1 l c o n c e p t s  used  i n  t h e  a c t u a l  
p rog ramEs ,  The work on  fo rma l  s e m a n t i c s  o f  r e p r e s e n t a t i o n a l  schemes i s  a n  
i m p o r t a n t  a r e a  o f  A 1  r e s e a r c h  and s h o u l d  r e c e i v e  much more a t t e n t i o n  o f  A 1  
programmers ,  Only Fahen t h e  fo rma l  p r o p e r t i e s  o f  s u c h  schemes a r e  p r o p e r l y  
u n d e r s t o o d ,  w i l l  t h e r e  b e  a chance  t h a t  t h e y  become more w i d e l y  used  and 
c a n  s e r v e  a s  a ntw f i r m  b a s e  o f  A 1  programming.  

Both  t h e s c  m e t h o d o l o g i c a l  a p p r o a c h e s  - d e v e l o p i n g  t o o l s  f o r  w r i t i n g  b e t t e r  
programs i n  a more e f f i c i e n t  way, and d e v e l o p i 7 g  b e t t c r  r e p r e s e n t a t i o n a l  
fo rma l i sms -  w i l l  h o p e f u l l y  c o n v e r g e  t o w a r d s  t h e  r e n t r a l  g o a l  o f  AX 
methodo logy :  c r e a t e  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  e f f o r L s  and r e s u l t s  o f  
t h e  Ai d i s c i p l i n e ,  and t o  g i v e  A I  programs a b e t t e r  u n d e r s t a n d ~ n g  o f  wh8t 
t h e y  a r e  d o i n g  and what t h e y  a r e  supposed  t o  do.  
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A. discovery procedure i s  described f o r  non-recursive context-free phrase 
ars which i s  based on t h e e  data conrpressioz~ pr inc ip les ,  

It works without the need f o r  semantic in fomat ion ,  negative smples ,  a 
teacher o r  pre-sepented data.  

This paper describes a d i  s procedure (GDP) f o r  non- 
recursive context-free phrax U T ~  x s  which has been developed 
a s  pat of a;? e s ~ l o r a , t i o n  of the  kinds of processes which may enable 
chi ldrec  to  discover i i n g u i s t i c  a d  non-linguist ic c ~ , ~ i t i v e  s t ~ x ~ c t x r e s ,  
It i s  described. more f u l l y  elsewhere ( ~ o l f f ,  in press ) ,  The d i ~ t ~ c t i v e  
feab1r.e~ of -this GIlP a re  these:- 
I, TJrllike some other  work in t h i s  f i e l d  (e .g , ,  Anderson, 1977; Power & 
Longuet-BiggLns, 1978) and notwithstmding evidence t ha t  memings 
f a c i l i t a t e  l a n g u ~ e  acquis i t ion by h m m s  ( ~ a p b e l l  & Wal.es, 1970; Noeser 
& Bregman, 1972, l q ~ j ) ?  the process i s  semantics-free, The reasons fo r  
t h i s  a re  a desi re  to preserve transparency and c o ~ p r e h e n s i b i l i t y  Lhe 
i n t r i n s i c  i n t e r e s t  of seeing what czsl be achieved without semantic informa- 
t ion ,  It i s  perha,ps more accurate to say t ha t  the process i s  semaxitics- 
ind i f fe ren t :  sirnil= p r inc ip les  may be a t  work in the discovery of both 
I i ngu i s t i c  and non-linguist ic cognit ive s t ruc tures  m d  in the in te r -  
r e l a t i on  of the two (h idf f ,  1976)- &'hat are  here ca l led  '%lernentsfv a re  
s imilar  to  the notions of schemata, frames o r  s c r i p t s  in that tl-~ey e m  bc 
used a s  a top-dom guide t o  perceptual analys is  ( ~ o l f f ,  19759 1978) md 
they ca? provide defaul t  values where pa r t s  of the data  are n i ss ing  o r  
d i s to r ted  ( ~ o l f f ,  19'761, 
2, Only pos i t ive  smgdes are  used and there i s  no teacher, It i s  
assumed tha t  f o r  the most p a t  the same i s  t rue  of children,  
3, There are no markers of word, phrase or  sentence segments i n  the data,. 
The reason f o r  t h i s  i s  the probabi l i ty  t ha t  children can discover the 
s t ruc ture  of language without the need. f o r  cues of t h i s  so r t  (Ifayes & 
Clark. ,  1970) 
4. The cognit ive s t ruc tures  developed by the GDP are  modular, Mod_ula- 
i t y  i s  a desi rable  design feature  where a cognit ive system i s  to be 
buii-t; o r  nodif i ed  ( ~ i n o g r a d ,  19'75). 

A. working assumption i s  that discovery procedures in chi ldren a re  
the product of se lect ion pressures izrh2ch a re  l i k e l y  to  have favoured 
economy i z z  "c~e storage and mmipulatiorz of information ( ~ t t n e a v e ,  I-954; 
Oldfield,  1954). Consequently, i t  has been thowht useful  Lo view GGfPs 
as  a s e t  of t e c h i q u e s  f o r  data  compression, "Phis supposition needs to 
be qua l i f i ed  by the probable relevance of a number of trade-offs, a t  
l e a s t  f ive .  ( 3  , Computa tional. processes of sor t ing,  compression and 
inference at input time may be reduced at  a probable cos t  of a d d i t i o n d  
processirg: required on r e t r i e v a l  (%brow, 1975)~ 2, Compression of 
data may hpede  subsequent manipulation a d  retrTeva.1 of d a t a  (%brow, 
1-97?; %brow & i.Ikograd, 1977)- 3, D a t a  c o q r e s s i o n  which i s  t h e o r e t i c d l y  
possible may be m d d y  cos t l y  i;? computation, It m a ~ i  on occasion be 
a d v m t w o u s  t o  choose Less cos t l y  methods of compression even if they 
a%a not, achieve m a i m r a 3  compression, 4, It may be advaslt;~geous to  
preserve error-red=- redmcPancy, 5, There i s  a trade-off between 
complexity and discrepmcy discussed by Cook & Rosenfeld (1976)~ If 



one i s  prepared to  allow d i s to r t i ons  in the representa t ion of the input 
data  then grea te r  d e ~ e e s  of compression become possible.  Economies 
can be achieved by t z l l oww gr a r s  to generalise beyond the corpus on 
which they a re  based (e ,g , ,  by allowing the formation of recursive 
s t ruc tu r e s ) ) ,  

Three data  compression pr inc ip les  ase enployed in this GDP (see a lso  
Cook & Hosenfeld, 1976) :- 
h e  t$klere a grc11p of contigaous elements occurs more than once in a 
cognit ive system then it i s  usua l ly  advantweous to  record the s t ruc ture  
of the  group once md access i t  from varying contexts by means of 
pointem (Selzuegaf & Heaps, 1974)* A subroutine c a l l  in a computer 
prog2aa i s  a famil iar  example of t h i s  device, 
2, Were two o r  more elements s h r e  one o r  more contexts then they may 
be grouped Lnta a dis junct ive  s e t  o r  element which may be accessed by 
pointers  from varying contexts (a  s imilar  p r inc ip le  i s  described by 
Kang e t  ale, 1977). 
5, kfi~ere conf l i c t ing  groupings i n  I or  2 =e possible then it i s  advatage-  
otr:: to chcose the grouping which w i l l  encode the g rea tes t  mount of the 
i l p u i  cozyus, I n  genera,l, frequently occurring groupings zre preferred 
Lo l e s s  frequent ones, 

These p r inc ip les  a r e  embodied i n  two programs: NKlOH builds u.p 
frequ.ently occmring s t r i ngs  of contiguous elements (known. a s  s ? . n t w a t i c  
elements o r  sYX-elements); Gfi'LTI5 operaLes on the r e s u l t k g  s e t  of SET- 
elements to  f i nd  frequently recurr ing d i s j ~ ~ r c t i v e  s e t s  of c o n s t i ~ h e n t s  
(known a s  p a r a d i p a t i c  elements o r  PAR-elements) and replaces the o r ig ina l  
consti"cueats each by pointer  to  the appropriate PAK-element, When 
applied to the t ex t s  produced by the simple phrase-structure gr 
shown ,lm F i g e l  these trim programs create  s t ruc tu r e s  which are  equivalent 
to the o r ig ina l  grammars, 

Sample : AhGTP3RTEFISHm 

Program m O B ,  described elsewhere ( ~ o l f f ,  1975, 1971, 1978; Colle t  
& V o l f f ,  ~ 9 7 7 ) ~  b e g h s  i t s  malgsis with only the basic character  s e t  
(m ianb l  el .enen~s) in i t s  dictionazy of elements, It s e a s  the data  
sanple keeping a c o m t  of a l l  contiguous p a i r s  of elements and a,t the 
end of the scan it s e l e c t s  &he rnost frequent pa i r ,  o r  makes an = b i t r a y  
choice m o ~ s t  kjes, ( 3 3  a typical  -1ish t ex t  i t  ~ o u l 6  choose me) 
'Then i t  adds the new element to  i t s  d ic t ionary of elements. 

m e  sample i s  sc  ed again, k e e p k g  a count  of conti,qous pairs as 



before, but i t  t r e a t s  every occurrence of TH as  a u n i t ,  For exanple, a 
character  sequence l i k e  ... ... would be se-ented as ... I , N , W , E , G , , ,  
and counts would be nade f o  ~/m,  TW//E and E/G, After t ~ s  second 
scan the  p a i r  of elements with the highest  frequency (e,g.,  o r  T E I : ~ )  
i s  again selected and added t o  the dict ionary,  By r epe t i t i on  of t h i s  
process a d i c t i o n a y  of f r e w e n t i y  occurring character  s - t r m s  i s  b u i l t  
up, each Jlaving a binary hieraschical  s t r u c m e ,  A t  present there i s  
no s a t i s f ac to ry  s t o p p k g  r ~ l e  a d  the process i s  stopped when a l l  the 
"sentencesR in the a r t i f i c i a l  language sample have been i so la ted ,  It 
i s  expected t ha t  an in tegra t ion  of MKlOH and G 5, on which i s  
proeeedkg, w i l l  e l k i n a t e  t h i s  problem. 

E l i s  program shows i t s e l f  t o  be sens i t ive  to  the s tm-cbue  of the 
a r t i f i c i a l  tex-ts used k- t ha t  it  bui lds  up Hword.su a d  then joins them a s  
coherent units to  form "sentences$"~olff ,  1975). For example, from 
Text 1 i t  builds up PUT a s  (P(uT)), MaBE as ((Iu)(DE)), SONE as  ((S(OFT)E) 
and. so on, ~ ? i :  a l a t e r  stage i t  forms ( ( ( L I Z )  (PITT)) ((FOVR)(ON) ) ) ?  
( (somi) ( (WE) (SOPEE) ) ) m d  all the other  possible sentences, I f  i t  was 
not stopped i - t  would join sentences together,  Nore in te res t ing ly ,  the 
bracketing which. i t  assigns to  n a . h a l  laulguage t ex t s  largely honour-s 
.the words in these t ex t s ,  and the progrm produces a demonstrable conryres- 
sion of -the data ,  It a l so  seems to  mimic ce r t a in  features of ch i l&enf s  
vocabulaxy growth. ( k l f f ,  1977). 

GRAKL5 operates on the dic t ionary of elements produced by pXIOH in 
the following way. By a simple pa t te rn  matching proceduve i t  f i r s t  
d r a w s  up a l i s t  of contexts f o r  every element which i s  a const i tuent  of 
one o r  more other elements, For example, the element L I Z ,  ;.shich i s  
i so la ted  frrnm Text I by Tg<1OE, i s  a const i tuent  of LIZPUTFOU?ZON, 
LZZYUEIT, LIZPUTSOmOM mong other elements. Thus the contexts of L I Z  
include *PUTFOmON, -iCFrLADEIT and -iCPVTSOT~ON, G 5 then ln&es a 
systematic coriipacrisoii between every p a i r  of co t l i s t s  to  f ind ident i -  
ca,l contexts and thus to f i nd  t ha t  d is junct ive  p a i r  of elements which 
occurs most frequently il?. iden t ica l  contexts,  This d is junct ive  p a i r  i s  
added to  the dictionazy a s  a PAR-element and i t s  reference number then 
replaces the o u i g h a l  const i tuents  in a l l  appuopriate SYX-elements, 
For exanple, the f i r s t  such p a i r  f o r  Text 1 was (-HE /LIZ)  which was 
assigned reference number 94, Such elements as  LIZPVTFOmON, LIZySmEIT, 
.EXPUTFOmOM, IW."ZA.DEIT, e t c  , become ( ~ ~ ) P U T F O ~ O N ,  ( $ ~ ) Y ~ ~ w E T T ,  (~~)PUTFOUHOIV 
and ( ~ ~ ) Y L A D E I T  respect ively ,  The r e su l t i ng  duplicates zre  th.en deleted,  
The process i s  repeated exact ly  a s  described u n t i l  no more matching 
contexts can be found, The process may be seen more c l ea r ly  i f  we follow 
w h a t  hapgens a f t e r  PAR-element 94 i s  formed, k the nes t  cycle context 
l i s t s  h a m  up f o r  a l l  elements, element 94, m d  they a re  
ayste imtical ly  cornpared a s  before. s 3 1  t h i s  cycle t ha t  the 
pa i r  of elements oceurr i rg  most f requent ly  in iden t ica l  contexts is YOU 
,and 94. These "iwo elements a re  j o k e d  t o  form el.ement 95 11r11ich thus 
has -the impl ic i t  struc-t;ure ( Y O U ( ~ , L I Z ) ) ,  E1emen.t 95 then replaces YOU 
and 94 k al l  appropriate SYN-elenents; duplicates axe then deleted, 
In the  fo l l owhg  cycle element $5 i s  formed as ( JOAN(YOU(~, I~IZ) ) ) .  In 
the next three cycles elements 91, 98 a d  99 are  b u i l t  up as ( S Q ~ , E Q U R ) ,  
J I T ( s o ~ , F O ~ ~ ) )  md ( I T ( S O ~ ,  F B ~ ) ) )  respectively,  EventudLy the 
sentences in the dic t ionary a e  reduced to two STN-elements: ( ~ ~ ) P U T ( ? ~ ) O N  
a d  (96)m~(99), 

Table 1 shows tile s t a t e  of the dictiowr=y derived by  HKIOH from T e x i  
! a f t e r  process- by @ma?, with the oxlissioan of all SET-elements wkich 
oeewrrcd only as c o n s t i h e n t s  of l a rge r  elements, These const i txent  
el-ements are "ga.7"'ua.geg' with no fu r the r  function a ~ d  may be disczded, 



The same i s  tr-ue of PAR-elements 94, 95t  97 a d  98 which w e  stepping 
stones in the fama, t ion of the  function& 1"AR-e1ements9 96 a d  99. 
Table 1, 

Reference i w b e r  

HE [ L I Z  
YOIS (rn ILIZ 
J0MTIYQUIHE;JLIZ 
SO~'D3 I FOUR 
I T  I Sam 1 FOUR 

[IT [SOPIE IFOuR 

*S'i!$-elenents which o c c u  only a s  const i tuents  of l a rge r  elements =e 
omitted, 

The dic t ionary at t h i s  s tage has assumed e s sen t i a l l y  the sane f o m  
as th.e g r m a r  used t o  produce the o r ig ina l  t e x t ,  LI a sk i l ax  way 
~ ~ O E / G M T L ~  has proved sviccessful in r e t r i ev ing  the gr 
2,  j a d  4. Notice that Text 2 'has paradigmatic c lasses  which overlap 
without being h ie ra rch ica l ly  r e l a t ed  ( t he  word I T  i s  common to  c lasses  
(1)  and ( 5) ) . In  Text 3 there i s  a SXN-element, [(2) ( 5)], which contains 
two Pa-elements and i s  i t s e l f  a const i tuent  of a PAB-element, (L), which 
i s  p a r t  of a. Sm-element, [(1)(4)(5)] In general there i s  no r e s t r i c t i o n  
on the types o f  const i tuent  m y  element may have except t ha t ,  a t  present ,  
no element may contain i t s e l f  a s  a const i tuent ,  Notice a l so  from Text 
4 t P i t  the GDP has provision f o r  detect ing a n u l l  element, a d e t a i l  which 
has not been described i n  t h i s  shor t  accomt ,  

The ebief shortcoming of t h i s  GDP i s  i t s  f a i l u r e  to  general ise  
s i gn i f i c an t l y  beyond the given corpus, It does general ise  t r i v i a l l y  
i n  -that the p m u s  which a r e  created may produce sentences in a 
sequence which need not be the  sane a s  i n  the sample corpus, But the 
PAR-elements a re  t i e d  d i r e c t l y  t o  the contexts from which they were derived 
so no sentences em be produced other  than those which were in the corpus, 
\Jerk i s  i n  progyess at present  on an in tegra t ion  of the s - p t m a t i c  m d  
paradigmatic c lus te r ing  processes with provision f o r  general isa t ion,  over- 
general isa t ion,  correct ion of overgeneralisat ion and i den t i f i c a t i on  of 
recursive s tmct i r res  , 
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